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ABSTRACT
THE ROLE OF THE SCHMUTZDECKE IN E. COLI REMOVAL 
IN SLOW SAND AND RIVERBANK FILTRATION
by
Michael C. Unger 
University of New Hampshire, December, 2006 
A series of studies was conducted on laboratory scale sand columns under varying 
operational and design conditions with spiked concentrations of E. coli to investigate the 
role of the schmutzdecke, a biologically active layer that develops at the interface of the 
water and filter in slow sand filtration (SSF) and riverbank filtration (RBF). Results 
confirmed that E. coli removals in slow-rate biological filters occur primarily at the 
interface and are related to schmutzdecke ripening state, empty bed contact time, 
biological activity, temperature, and protistan abundance. Using a suite of analyses 
characterizing the biofilm growing on the schmutzdecke, no connection was found 
between the preexisting extent of biological ripening and a filter’s ability to recover from 
a scouring or scraping event that removed the schmutzdecke. Biological activity, as 
measured by CO2 respiration in the top 2.5 cm, as well as protistan abundance in the top
0.5 cm of the schmutzdecke did, however, correlate positively to E. coli removal. The 
role of predation deserves further investigation, and filters should be operated in such a 
way as to enhance biological activity and protistan abundance in the schmutzdecke.
xiii




Slow sand filtration (SSF) was the first treatment applied to municipal drinking 
water in modem times (AWWARF, 1991). It is a simple process, in which water 
percolates by gravity through a sand bed and is collected in a piping system under the 
filter. Typical hydraulic loading rates vary from 0.1 -  0.3 m3/m2»h or m/h, so SSF 
systems require more land than most filtration processes. For municipalities with ample 
land, however, SSF may be the most appropriate treatment technology because it requires 
no chemical addition aside from disinfection and operation is much simpler than other 
processes, thereby limiting the amount of operators and the training required.
Riverbank filtration (RBF) dates to Biblical times. According to the Book of 
Exodus, the Egyptians dug holes next to the Nile when God turned the river to blood 
(Exodus 7:21-24 as cited in Hubbs, 2005). RBF occurs when a production well or 
infiltration gallery is placed near a river such that the water pumped or collected contains 
water that originated in the river. The riverbed and riverbank act as a natural filter, 
moderating the temperature of the water, removing particles, and leveling contaminant 
spikes. The bank filtrate is usually diluted by groundwater collected at the well, which is 
almost always of better quality than the river water.
1
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SSF and RBF offer many advantages over other drinking water treatments. As 
biological treatment processes, they usually1 require the addition of no chemicals, thereby 
reducing operational costs and the need for operator training on chemical handling and 
dosing. Their biological nature also allows SSF and RBF to meet multiple treatment 
objectives simultaneously. Organic carbon is biodegraded while particles are removed by 
straining or adsorption. In addition, SSF and RBF can both be applied to a wide range of 
operation sizes. SSF installations range in size from a filter constructed in a bucket for 
personal use to Thames Water, which supplies drinking water for the City of London. 
Similarly, RBF systems can be as small as a single well or as the collector well operated 
by the Board of Water Utilities in Kansas City, KS, which pumps up to 40 million gallons 
per day (NWRI, 2002).
In the United States, SSF and RBF form integral parts of water treatment systems 
or stand alone as the sole treatment process before disinfection. Under USEPA’s Long 
Term 2 Enhanced Surface Water Treatment Rule, SSF is awarded 2.5 log removal credits 
for Cryptosporidium removal, and RBF is awarded between 0.5 and 1.0 credits 
depending on the distance of the well from the river. Increasing understanding of the 
pathogen removal abilities of these biological filtration systems will encourage more 
utilities to consider them as options for meeting their filtration needs, as well as enable 
operators currently using SSF or RBF systems to optimize their performance.
1 A slow sand filter may be amended with ozone to improve the biodegradability o f  natural organic matter 
(NOM).
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1.2. The Schmutzdecke
The microbial removal role of the interface between the overlying water and the 
media bed whether in an SSF or an RBF system has been a subject of much debate over 
the years. In SSF, this interface is defined as the schmutzdecke, which in German is 
translated as “dirty covering”. It has been characterized visually as a gelatinous mat in 
which microorganisms thrive and where the major portion of removal occurs 
(AWWARF, 1991).
The SSF schmutzdecke can vary widely and sometimes seasonally. In general, it 
consists of numerous forms of life including plankton, algae, diatoms, heterotrophic 
protists, rotifers, and bacteria and is where inert suspended particles can be mechanically 
strained, organic matter and nitrogenous compounds degraded, and microorganisms 
entrapped (Huisman and Wood, 1974). Although not specifically characterized, the 
microbial treatment performance of the SSF schmutzdecke and RBF bed-river interface 
layers are considered similar (Partinoudi, 2004; Wang et al., 2002). Any pathogen 
removal mechanism at work in SSF will also influence an RBF.
1.3. Problem Statement and Research Objectives
Unfortunately, the exact role that the interface layer or schmutzdecke exerts in 
microbial removals in both SSF and RBF systems has not been well-defined. The need to 
establish or re-establish a schmutzdecke layer after filter cleaning or riverbed scouring 
events needs to be ascertained so that appropriate operational methods can be 
implemented, if required. For example, after scouring events, RBF extraction well 
pumping rates could be decreased or stopped, or laterals further from the river could be
3
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selected, until the riverbed schmutzdecke is re-established. Such operating techniques 
are needed to ensure public health risks are minimized for all biological filtration 
systems.
The specific objectives of this research included:
1. Ranking the relative importance of various media characteristics and 
operational conditions on biofiltration removals of Escherichia coli bacteria.
2. Assessing the effect of a sudden removal of the schmutzdecke on pathogen 
removal in the event of scouring or cleaning and a filter’s ability to recover 
from such an event as a function of temperature.
3. Assessing removal mechanisms associated with the schmutzdecke biofilm. 
Specifically, determining whether the extracellular polymeric substances 
(EPS) excreted by the schmutzdecke biofilm enhance the “stickiness” of filter 
media.
4. Estimating the potential influence of protistan predation as a pathogen 
removal mechanism.
The task of researching a deeper understanding of pathogen removal mechanisms 
in the schmutzdecke was approached systematically. Separate experiments were 
performed using two-inch diameter laboratory-scale test filter columns to meet the four 
objectives.
First, a screening study was conducted to determine the design and operational 
parameters of most importance for optimal removal in the schmutzdecke (Objective 1). 
The results of the screening study were also compared to results obtained by other
4
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researchers at laboratory, pilot, and full scale in order to verify that the lab scale 
apparatus used for the present research satisfactorily represented larger systems. In light 
of the results of the screening study, a subsequent study focused on the effect of specific 
parameters: empty bed contact time and media size (Objective 1).
Next, larger filters were simulated by connecting the lab scale filter columns in 
series in order to model RBF scouring and SSF cleaning (Objective 2). Then, the results 
of all the previous studies were analyzed for trends correlating biofilm status in the 
schmutzdecke and E. coli removal (Objective'3). Other biological removal mechanisms 
-  release of exotoxins and protistan predation -  were investigated with specifically 
designed studies (Objective 3). Preliminary examination of protistan predation found it 
to hold promise as a significant removal mechanism, but also generated many questions. 
In addition, very little previous research on predation in SSF and RBF was available, so 
more emphasis was given to predation in the final studies (Objective 4).
5
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2
LITERATURE REVIEW
2.1. Slow Sand Filtration Overview
2.1.1. Description and History
Slow sand filtration (SSF) is a simple process drinking water purification process. It 
consists of a bed of sand supported by gravel or a comparable support structure enclosed in a 
concrete tank, although variations of this basic design exist, especially in developing 
countries. For example, SSF for individual family use may be constructed in a bucket 
(Pumphrey et al., 2006). Water enters the top of the tank and is dispersed to prevent 
disruption of the top of the sand bed. Water filters by gravity, and hydraulic resistance is 
overcome by the accumulation of standing water (supernatant) above the sand bed (Figure 2- 
1).
During a filter run, headloss through the filter steadily increases with almost all of the 
headloss accumulating at the interface between the supernatant and the sand bed. This 
interface is referred to as the schmutzdecke. Figure 2-2 demonstrates how the majority of the 
headloss in the filter occurs across the schmutzdecke. When the headloss is so great that the 
supernatant reaches the top of the filter box, the schmutzdecke is cleaned. Current cleaning 
methods, including scraping, wet-harrowing, and robotic underwater cleaning, are discussed 
below.
6
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The current use SSF as a municipal drinking water treatment system has its basis 
in the design by James Simpson for the Chelsea Water Company in London, which was 
completed in 1829. The first slow sand filter for municipal use in the United States was 
designed by James Kirkwood for the City of Poughkeepsie, NY and was installed in 
1872. By 1940, approximately 100 SSFs operated in the US. (AWWARF, 1991). 
Between 1990 and 2005, over twenty new SSFs were constructed in New England. 
(Collins, pers. comm. 2006).





Effluent F low  







Figure 2-1.’ Slow sand filter schematic, (adapted from Partinoudi et al., 2006)
7
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Headloss with Depth 
M ilo  P ilot Filters, 9-Sep-96
Depth, cm
0 10 2 0  30  40 50 60 70 SO 90
" I " "     “  i  1 f "" 1 ' ' i ........................~i - - ~ j—   1-----------------------r~
-b— Sand Control
0 1 2 3 4 s
EBCT. hr
Figure 2-2. Headloss (measured from marked point to filter effluent valve) for slow 
sand filters and slow sand filters amended with a GAC sandwich layer. Almost all 
the headloss occurs across the schmutzdecke. (from Page, 1997)
2.1.2. Design and Operation
The general areas of design for a SSF system include:
• Pretreatment (if necessary)
• Inlet water dispersion / flow control
• Sand bed
• Support gravel layer
• Underdrain collection system
• Effluent flow control
• Post treatment and storage
8
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An example of design standards and some typical design values are given in 
Table'2-1.
Table 2-1. Design standards and typical values for slow sand filters.
Design Parameter IRC Manual Standards1 Typical Design Values2
Design Life 1 0 -1 5  years > 100 years3
Period of Operation 24 hours / day 24 hours / day
Hydraulic Loading Rate 0.1 -0 .2  m / h 
(0.04 -  0.08 gpm / ft2)
0 .06-0 .4  m / h
Filter Bed Area 10-2 0 0  m2 varies
Height of Filter Bed
Initial 0 .8 -0 .9  m 0 . 6 - 1.2 m
Minimum 0.5 -0 .6  m 0.5 m
Specification of Sand
Effective Size (dio) 0.15 -  0.3 mm 0.18-0.44 mm
Uniformity Coefficient < 3 - 5 1 .5-4 .7
Underdrain Height 
(Including Gravel Layer)
0 .3 -0 .5  m 0.6 m
Supernatant Water Height 1 m 0.9-1 .3  m
‘IRC (1989) 
2AWWARF (1991) 
3City of Rutland, VT
Pretreatment options currently in use include gravel roughing filters for the 
removal of turbidity and algae (Collins et al., 1994), filter mats -  typically geotextile -  to 
limit the amount of schmutzdecke scraping or harrowing, and pre-ozonation to encourage 
biological growth (Eighmy et al., 1993) and expedite biodegradation of disinfection by­
product precursors. Inlet water dispersion is necessary to prevent disturbance of the 
schmutzdecke.
The four major design elements of the sand bed are its plan area (A), its depth, the 
effective size (d/o) of the sand, and its uniformity coefficient (UC = d^oldio). The plan 
area of the filter is controlled by the design flow rate, Q, and the selected hydraulic
9
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• “Xloading rate, HLR, by the relationship HLR = Q/A. HLRs range from 0.1 to 0.4 m /m *h. 
A faster HLR allows for a smaller footprint but may increase the occurrence of 
contaminant breakthrough. The optimum HLR for a specific site is chosen by pilot 
testing. (AWWARF, 1991)
Research has shown, as summarized in Section 2.4 and investigated during this 
project, that most of the treatment in a SSF occurs in the top few centimeters. Bellamy et 
al. (1985a) operated pilot SSFs 0.3 m in diameter in parallel using the same source water 
and varied operational or design parameters. Doubling the bed depth from 0.5 m to 1.0 m 
did not significantly increase removal. In the interest of public health, a minimum bed 
depth of 0.5 m is typically required. The bed will typically be designed much deeper than 
this minimum in order to accommodate the periodic cleaning of the schmutzdecke, which 
results in a loss of sand. Sand removed during cleaning is stockpiled until the bed 
reaches its minimum depth, at which time the removed sand is washed, and the bed is 
resanded.
Originally, the clogged schmutzdecke of a SSF was removed by draining the filter 
and scraping the schmutzdecke and top sand. The filter would then be refilled from 
below to prevent air binding. This practice is still common today, but two other methods 
are also in use. One is referred to as wet harrowing. During wet harrowing, supernatant 
water is drained without exposing the sand. A tractor pulling a harrow drives overthe 
bed while water is flushed from the side. Suspended particles are flushed, but the biofilm 
is less disturbed than during scraping because the sand is always submerged, and the 
strong binding of the gly cocalyx to the sand prevents much of the schmutzdecke biofilm
10
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from being lost. After wet harrowing, examination by Eighmy et al. (1992) of the West 
Hartford, CT SSF plant discovered biofilm indicators (acriflavine direct cell counts, 
specific plate counts, and biomass as Folin-reactive material) down to the depth of 
harrow (30 cm) at levels similar to those found in the schmutzdecke prior to harrowing. 
The other alternative method to traditional draining and scraping is underwater cleaning 
by robot (Back, 2006). Robotic cleaners have been developed with suction capabilities to 
clean the filter without draining, again preventing desiccation and limiting the amount of 
sand that must be removed.
Sand size recommendations typically fall in the range of d;o = 0.2 -  0.4 mm. 
Uniformity coefficients (UC) may be as low as 1.5 but sometimes are higher than 3.0 in 
order to reduce cost (AWWARF, 1991). According to Bellamy et al. (1985a) filters with 
an effective size of 0.287 mm performed better than those with effective size of 0.615 
mm. Again, pilot testing is used to determine the optimum size for a specific site. A 
layer of granular activated carbon (GAC) may also be included in the center of the filter 
bed (Page 1997). The patented GAC Sandwich™ improves removal of disinfection by­
product (DBP) precursors (Steele et al., 2006).
A variety of underdrain collection systems is available. The sand bed usually sits 
on a support bed of gravel, which is laid over underdrain collection pipes, but various 
drain tiles may also be used. An effluent control stmcture prevents the filter from 
draining. A control weir often is designed at a height slightly above the top of the sand 
bed (Figure 2-1). Thus, a disruption of flow will not cause the filter to drain.
11
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In most SSF applications, the only treatment necessary after filtration is 
disinfection. Table 2-2 offers some estimates of SSF performance.
Table 2-2. Approximate performance predictions for a selection of water quality 
constituents treated by SSF. (adapted from AWWARF, 1991 and Amy et al., 2006)
Constituent Approximate Expected Removal
TOC 25%
Turbidity 25 - 40% 
achieve < 1 NTU in effluent
Coliform bacteria 2-log to 4-log
Giardia cysts 3-log to 4+-log
Enteric viruses 2-log to 4-log
Cryptosporidium oocyts > 4 log units
Dissolved organic carbon (DOC) < 1 5 - 3 0 %
Biodegradable organic carbon (BDOC) < 80 %
THM precursors < 2 0 - 3 5  %
Iron / Manganese > 67 %
2.1.3. Advantages and Disadvantages
The major advantage of slow sand filtration over other filtration techniques is its 
simplicity. Simple operation and the absence of chemicals make SSF financially 
attractive for owners without the resources to maintain a highly skilled staff, hoping to 
limit their operations and maintenance costs. Unlike rapid sand filtration or multimedia 
filtration, SSFs do not require pumps and piping for backwashing. In fact, no mechanical 
or chemical elements are necessary for proper operation of an SSF.
Slow sand filtration usually replaces all four steps of conventional drinking water 
treatment (coagulation by addition of a chemical, slow-mix flocculation, sedimentation, 
and rapid sand filtration). The operator knowledge and skill and the engineering design 
associated with those steps are eliminated by use of SSF. For example, jar tests are
12
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unnecessary when using an SSF system. In addition, storage for chemical coagulants is 
eliminated along with their dosing equipment. The exception to the advantage of limited 
operator knowledge and chemical use is the practice of pre-ozonating SSF influents.
Two major disadvantages have limited the application of SSF, especially in the 
United States. First, the slow hydraulic loading rate that characterizes SSF requires large 
amounts of land. For most communities, land is expensive or unavailable. Second, SSF 
is only appropriate for source waters with low turbidity and algal content. While pre­
treatment options such as roughing filters do expand the scope of SSF to dirtier waters, 
their benefit is limited because cleaning the schmutzdecke is time- and cost-intensive. 
Despite these limitations, SSF is often the most appropriate filtration option, especially 
for small systems, and it has, therefore, experienced the recent resurgence discussed in 
Section 2.1.1.
Table 2-3. Some advantages and disadvantages of SSF.
Advantages Disadvantages
• typically requires no mechanical 
elements
• typically requires no chemical 
addition
• requires almost no daily 
maintenance
• achieves multiple treatment 
objectives simultaneously (e.g. 
microbial removal and DBP- 
precursor reduction)
• land-intensive
• requires good source water quality 
(esp. low algae and turbidity)
• high capital cost
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2.1.4. Pathogen Removal Ability
In its nearly 200 year history as a municipal drinking water treatment system, 
slow sand filtration has proven its ability to remove pathogenic microorganisms. Many 
papers indicate that while such parameters as HLR, bed depth, and media size play a role, 
the biological maturity of the sand bed is the most important variable with respect to 
pathogen removal. (Bellamy, 1985b; Bryck et al., 1987; and others) As such, the 
following discussion on pathogen removal applies to mature filters.
Slow sand can be expected to achieve 3- to 4-log removal of Giardia cysts 
(Bellamy et al., 1985b). Log removal of coliforms can be greater than 4-log, of which 1- 
to 3-log removal is attributed to the schmutzdecke (Bellamy et al., 1985b). Section 2.4 
describes in more detail the findings of previous research on the schmutzdecke. Table 2- 
4 summarizes the typical performance of SSF for various pathogens and surrogates.
Table 2-4. Typical ranges of pathogen and surrogate removal by SSF. (adapted from 
Page, 1997)______________ _________________________ ________________________
Pathogen or Surrogate Removal or Effluent Level Source
Turbidity effluent generally <1 NTU Cleasby et al. 1984 
Slezak and Sims 1984 
IRC 1989
Particles (2-10 pm) 1- to 3-log Rachwal et al. 1996
Coliforms 1-to 4-log Poynter and Slade 1977 
Cleasby et al. 1984 
IRC 1989
Partinoudi et al. 2006
Enteric Viruses 2- to 4-log Poynter and Slade 1977 
Wheeler etal. 1988 
IRC 1989
Giardia cysts 2- to >4-log Bellamy et al. 1985
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2.1.5. Regulation
The most important regulation governing slow sand filtration is the Long Term 2 
Enhanced Surface Water Treatment Rule (LT2), promulgated by the EPA in January 
2006. LT2 amends the Surface Water Treatment Rule, Interim Enhanced Surface Water 
Treatment Rule, and Long Term 1 Enhanced Surface Water Treatment Rule, which 
together require 4-log removal or inactivation of viruses, 3-log removal or inactivation of 
Giardia cysts, and 2-log removal or inactivation of Cryptosporidium oocysts.
LT2 requires systems that treat surface water or groundwater under the direct 
influence of surface water (GWUDI) and are at high risk for Cryptosporidium outbreaks 
to improve their treatment for Cryptosporidium. High risk systems include all unfiltered 
systems and filtered systems with a high occurrence of Cryptosporidium in the source 
water. Systems are placed into one of four bins depending on the occurrence of 
Cryptosporidium in their source water. A certain number of log removal credits are 
required for each bin (USEPA, 2006). Slow sand filtration is awarded 2.5 log removal 
credits, thereby satisfying the requirements for all but the highest risk bin (Dowbiggin et 
al., 2006).
The Total Coliform Rule (TCR) also has direct implications on slow sand 
filtration. Under the TCR, no more than five percent of all water samples in any month 
can be positive for total coliforms. Positive results trigger repeat sampling. A repeat 
sample positive for fecal coliforms or E. coli constitutes a violation. (MWH, 2005) In 
light of these microbial pathogen regulations, techniques that can improve a slow sand 
filter’s ability to remove microbial contaminants continue to be valuable.
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Finally, the Stage 1 and Stage 2 Disinfection / Disinfection By-Product (D/DPB) 
Rules set maximum contaminant levels (MCLs) for certain disinfection by-products and 
limit the amount of disinfectant that can be used by utilities. SSF helps meet the D/DPB 
Rules by decreasing the natural organic precursors that are transformed by disinfectants 
such as chlorine or ozone into the regulated disinfection by-products. However, SSF is 
often not as effective at removing the organic DPB precursors as other treatment 
methods, so ozone pretreatment or a GAC sandwich layer as described above may be 
added to the basic slow sand filter bed. (Collins et al. 1996)
2.2. Riverbank Filtration Overview
2.2.1. Description and History
Riverbank filtration (RBF) is a drinking water treatment process, in which a 
drinking water production well is located near a river such that river water is pumped 
through its own bank. River water quality is improved by filtration during its subsequent 
underground passage and by dilution with groundwater, which is also drawn to the 
pumping well (Figure 2-3).
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Figure 2-3. Horizontal and vertical riverbank filtration wells. (http://www.cedar- 
rapids.org/water/)
RBF predates even SSF. The Bible contains one of the earliest written records of
riverbank filtration (Hubbs et al. 2003):
The fish that were in the Nile died, and the Nile became foul, so that the 
Egyptians could not drink water from the Nile. . .. So all the Egyptians dug 
around the Nile for water to drink, for they could not drink of the water of 
the Nile. (Exodus 7:21-24)
The Glasgow Waterworks Company installed the first modem RBF well in 1810. At the
end of the 19th century, RBF gained widespread popularity in Germany following a
number of waterborne disease outbreaks, especially the 1892-3 cholera outbreak in
Hamburg (Ray et al., 2002a). Today, RBF is used widely in Europe alqng the Rhein,
Danube, Elbe, and Spree Rivers. In the U.S., RBF wells have been in operation for
approximately fifty years, with major plants in Ohio, Kentucky, Indiana, Illinois,
17
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California, Montana, Nebraska, Washington, Oregon, Kansas, and South Dakota (Ray et 
al., 2002b; Partinoudi, 2004).
2.2.2. Design and Operation
RBF wells are designed in one of two configurations, which are also visible on 
Figure 2-3. The first uses a vertical well or a bank of vertical wells, which are no 
different in construction than production wells for groundwater extraction. The second 
configuration is a horizontal collector, which consists of horizontal laterals that extend in 
all directions away from a central caisson. Some laterals extend in the direction of the 
river, sometimes extending far enough to be below the river itself, while other collectors 
extend away from the river and collect mostly background groundwater.
Well selection is based on a number of factors including available river water, 
quality of river water, commercial river traffic, river hydraulics including flow velocity, 
seasonality of river flow, and stability of the river channel. The ideal aquifer material is 
coarse-grained, and the aquifer must be hydraulically connected to the river. (Hunt et al.,
2003)
A balance must always be met between providing sufficient production and 
clogging the riverbed. Clogging manifests itself physically through particulate 
deposition, biologically through development of a biofilm, and geochemically through 
precipitation. Riverbed scour can restore capacity, but not in all cases. Once clogging 
has begun, unsaturated conditions under the riverbed produce a tremendous hydrostatic 
pressure, estimated at 10,000 N / m2, effectively sealing the riverbed above the saturated
18
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zone and making it resistant to the regenerative effects of stream scour (Hubbs, 2005). 
Common causes of well malfunction or underperformance noted by Driscoll (1995) are:
• inadequate well casing seals;
• precipitation of dissolved solids;
• bioclogging;
• microbial oxidation and precipitation of Fe, Mn, and S;
• corrosion of the well or pump;
• structural collapse of the screen or well casing; and
• intake of sand by the pump.
2.2.3. Advantages and Disadvantages
Investigations of RBF have repeatedly proven its ability to mitigate pollutant 
shock loads and temperature peaks (Malzer, 2003; Kuhn, 1999) and remove 
biodegradable organic matter (BOM), DBP precursors, and biodegradable industrial and 
agricultural pollutants (Ray, 2002). RBF is an excellent candidate for multi-process 
treatment because it can be easily integrated into an existing system in order to improve 
source water quality. For example, RBF effluent has been shown to generate less fouling 
and lose less initial flux in nanofilters than conventional pretreatment (Merkel et al.,
1998).
As a natural treatment, RBF requires no chemical addition, is easy to operate, and 
requires very little maintenance (Hunt, 2003). Currently-operating vertical wells in 
Germany Were constructed over 80 years ago and are cleaned every 10 years, while some
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horizontal wells are over 50 years old and receive maintenance every 14 years (Schubert,
1999).
RBF systems also provide flexibility in sizing. For example, in Henry, IL, a 
single well provides a maximum capacity of 0.7 MGD, while in Sonoma County, CA, 
multiple wells produce 85.0 MGD (Ray et al., 2002b).
Clogging is the major concern with riverbank filtration, as mentioned above. 
Proper well placement is critical to long-term operation (Hubbs, 2005). In addition, the 
interaction between groundwater and river water is not fully understood. Zones of 
varying redox potential may develop between the river and the RBF production well, 
reducing iron and manganese and possibly mobilizing toxic heavy metals (Wang, 2002). 
In addition, drawing river water into the aquifer may contaminate the aquifer with 
organic, inorganic, or microbial contaminants (Wilson, 1999). Lastly, a lack of 
understanding, especially in the U.S., of the treatment capabilities of RBF causes 
hesitation in applying it to situations where it is an ideal candidate for pretreatment or 
treatment.
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Table 2-5. Some advantages and disadvantages of RBF.
Advantages Disadvantages
• Attenuates shock loads and • Potential for clogging the riverbed
temperature peaks • Interaction of groundwater and
• Typically requires no chemical surface water is not fully
addition understood
• Requires almost no daily • River water may contaminate
maintenance aquifer
• Achieves multiple treatment • Expected treatment cannot be
objectives simultaneously (e.g., generalized and involves some
microbial removal and DBP- uncertainty
precursor reduction)
• Can easily be integrated into an
existing system
2.2.4. Pathogen Removal Ability
RBF is very successful at removing microorganisms. Table 2-6 summarizes the 
reported removal of pathogenic microorganisms and surrogates by RBF.
Table 2-6. Typical ranges of pathogen and surrogate removal by RBF. (adapted 
from Partinoudi, 2004)
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The RBF literature contains cases, in which most of the removal of pathogens or 
surrogate microorganisms occurs at the beginning of filtration across the water-filter 
interface as opposed to during passage through the remaining filter. In particular, Wang 
et al. (2002) reported 1.7-log removal of aerobic spores after 0.6 m travel from the river
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and 3.8-log total (an.additional 2.1 log) removal 15.2 m from the river. They also 
reported a reduction of turbidity from several hundred NTU to <1 NTU after the first 0.6 
m of underground passage. Berger (2002) provides a summary of other studies with 
aerobic and anaerobic spores, which also report disproportionately high removal across 
the river/aquifer interface. Gollnitz et al. (2003) conducted a study at the Charles M 
.Bolton wellfield along the Great Miami River, OH. They aligned an inclined well such 
that its screen was directly below the riverbed and then placed vertical wells along the 
modeled pathway from the river to the production well. For all microorganisms and 
particles, for which data were reported (i.e., total algae counts, aerobic spores, and 
particle counts in the 7-10 pm and 3-5 pm ranges), they observed at least 2-log reduction 
between the river and the inclined well. Depending on the analyte, an additional 2- and 
4-log reduction occurred in the rest of the riverbank filter.
One major concern with microbial contaminants in riverbank filters is their 
longevity. For example, E. coli may survive for up to 180 days in an aquifer. Thus, 
pathogens are unlikely to be permanently removed, which leads to the possibility of low 
level breakthrough at the production well (Berger, 2002).
2.2.5. Regulation
The Long Term 2 Enhanced Surface Water Treatment Rule (LT2), discussed in 
Section 2.1.5, also applies to riverbank filtration. Riverbank filtrate is considered 
Groundwater Under the Direct Influence of Surface Water (GWUDI), and thus is subject 
to LT2. Riverbank filtration is awarded 0.5-log removal credits, if the production well is 
more than 25 feet from the river, and 1.0-log removal credits, if the well is more than 50
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feet from the river (Berger, 2002). As with SSF, the bacterial removal characteristic of 
RBF aids in meeting the requirements of the Total Coliform Rule (TCR), and 
biodegradation by microbes inhabiting the riverbed and aquifer reduce disinfection by­
product precursors, helping to meet the Disinfectants and Disinfection By-Product 
(D/DBP) Rule.
2.3. General Theories of E. coli Transport in Porous Media
E. coli was used as a surrogate pathogen in this thesis research because it is 
regulated by the TCR, its characteristics have been well-researched, and it is simpler to 
handle and enumerate than other pathogens of interest. E. coli is a rod-shaped bacterium 
with typical dimensions of 0.5 pm by 1.0 pm. Its size varies depending on bacterial 
strain, stage of growth, and environmental conditions. Its density has been measured 
between 1.070 and 1.100 kg / m3 depending on osmotic conditions (Baldwin et al., 
1995). In natural pH waters (pH = 6 - 8 ), E. coli are mostly negatively charged (Foppen 
and Schijven, 2005), and they are more hydrophilic than hydrophobic (Foppen and 
Schijven, 2006). E. coli also have extracellular lipopolysaccharides (LPSs), which likely 
aid in attachment to filter media (Foppen and Schijven, 2006).
' Harvey (1991) provides a diagram that is very helpful in understanding the 
complicated and interrelated processes that affect bacterial travel in porous media. 
Bacterial removal is controlled by advection with pore water that is interrupted by 
adsorption, straining in dead-end pores, inactivation or death, and interception by 
predatory organisms.
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Figure 2-4.. Schematic diagram of variables affecting bacteria transport in granular 
media, (after Harvey, 1991)
Colloidal filtration theory has been widely used to predict the transport of 
microorganisms in porous media filters. Contemporary models are almost exclusively 
based on the original model developed by Iwasaki (1937), which predicts removal being 
dependant on the concentration of particles -  in this case microorganisms.
measured either in mass (mg / L) or number (# / L), and z is the depth in the filter.
dz
(2 .1)
where A is a filtration coefficient with units of m '1, C is the concentration of colloids
Integrating and defining the constant of integration of as In (Co) yields
24
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In—  = - X z . (2.2)
Yao (1971) expressed the constant X in terms of a collector efficiency, rj, (also 
referred to as a transport efficiency) ranging from 0  -  1 , which represents the likelihood 
that a particle would be intercepted by a media grain as well as a collision efficiency, a, 
also ranging from 0  -  1 , which represents the likelihood that a collision between a 
collector and a particle would actually result in attachment. Yao’s definition of X was
where n is the porosity o f the filter and dc is the average diameter of the filter media.
In order to use Yao’s model to predict removal, one must calculate or estimate the 
collector efficiency, r\, and collision efficiency, a. Yao assumes the collector efficiency 
is the sum of three transport modes: interception, sedimentation, and diffusion, pictured 
in Figure 2-5.
Interception occurs when a particle follows a streamline, but contacts a collector 
because of the particle’s diameter. Infinitely small particles would have an interception 
term of zero because they would be swept past the media grain on the streamline. The 
collector efficiency due to interception is:
(2.4)
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Figure 2-5. Three modes of transport in filtration models: A) Interception of a 
particle by a collector as the particle travels along a streamline. B) Sedimentation of 
a particle that is more dense than water. C) Diffusion away from a streamline.' 
(MWH, 2005)
Sedimentation is the result of particles with a density greater than water’s being 
forced off a streamline by gravity. Because of the role of gravity in sedimentation, the 
term in the collector efficiency due to sedimentation is also referred to as the collector 
efficiency due to gravity and is calculated as the ratio of the Stokes settling velocity to the 
filtration rate (superficial velocity):
v, g ( P p ~ P w)dp2
Vg = (2 .5)\>f  18 fjv  {
where vs is the Stokes settling velocity, v/is the filtration rate, pp is the particle’s density, 
pw is the density of water, g is the acceleration due to gravity, and p is viscosity of water.
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Lastly, the inherent thermal kinetic energy of particles causes them to exhibit 
Brownian motion and diffuse from streamlines. Diffusion increases collector efficiency 
because particles that otherwise would pass a collector may contact it as a result of 
random motion off the streamline. The collector efficiency due to diffusion, rjo, is 
inversely related to the Peclet number (Pe).
Pe =




where kg is the Boltzmann constant (ks = 1.381 x 10' J/K), arid T is the absolute 
temperature of the water.
As mentioned above, Yao assumed the three modes of transport are additive, so 
tj = r/j + rio + . The major variables influencing the collector efficiency and, therefore,
the removal of particles by a filter are dp, dc, T, pp, and vj. The last three variables have 
obvious impacts on collector efficiency. Higher temperatures increase diffusion. A 
greater particle density increases sedimentation. A faster filtration rate reduces the 
impact of both diffusion and sedimentation. The influence of collector size and particle 
size, however, is not obvious. Larger collectors will be more efficient at intercepting 
particles, but they also increase Pe and reduce the influence of diffusion. Larger particles 
are more likely to be intercepted or settle on collectors by means of sedimentation, but 
they also are less likely to diffuse.
Fortunately, it is possible to generalize the two cases of “small” and “large” 
particles. The cutoff particle diameter between “small” and “large” is determined by the 
density of the particles as demonstrated by Figure 2-6. Small particles are dominated by
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diffusion, so beyond the cutoff diameter, small particles, are more easily removed. 
Diffusion is negligible for large particles, so for diameters above the cutoff, increasing 
particle size increases filtration. At the cutoff diameter, collector efficiency is at a 
minimum. For E. coli, assuming a density of 1.08, the cutoff diameter is 2 pm. 
Unfortunately, 1 pm by 0.5 pm E. coli fall in a size range very near this point of 
minimum collector efficiency.
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Figure 2-6. An example of the collector efficiency, r\, predicted by Yao’s filtration 
model for particles with 2 different densities. Contributions of interception, 
sedimentation, and diffusion are shown. The diameter of minimum collector 
efficiency depends on density. Other values used for the calculation were dc = 0.5 
mm, v = 5 m/h, and T =  25°C. (MWH, 2005)
Yao’s filtration model under predicts the number of collisions, (i.e., predicts a 
value of rj that was smaller than the value calculated experimentally) (MWH, 2005).
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Many researchers have proposed improvements upon Yao (Tufenkji and Elimelech,
2004). The most widely used variation of the Yao model is the Rajagopalan and Tien 
model (1976), often referred to as the RT model. It adds the attractive London-van der 
Waals force and reduces r| to account for viscous resistance (MWH, 2005). Despite the 
improvements made by these modifications of the Yao model, they do not change the 
fundamental role played by the variables described above.
In addition to calculating tj, calculating the collision efficiency, a, is also 
necessary to predict adsorption of bacteria (or other colloids) onto filter media. Tobiason 
and O’Melia (1988) provide an in-depth discussion of collision efficiency. They 
determined that chemistry dramatically affects attachment with values of a  ranging from 
0.02 to almost 1, depending on the pH and ionic strength of the water. No model is 
available that accurately predicts a.
Transport and adhesion are governed by characteristics of the water, the filter 
media, the flow regime, and the cells themselves. The influence of many water 
characteristics -  including ionic strength, pH, temperature, concentrations of dissolved 
organic matter (DOM), and the presence of surfactants and nutrients -  has been 
investigated in the past two decades. Bouwer et al. (2000) and Foppen and Schijven 
(2006) provide a review of studies of these water attributes. Of those mentioned, only 
ionic strength has consistently demonstrated a role in removal. Higher ionic strength 
correlates with increased removal, which is in agreement with the compression of the 
electrostatic double layer predicted by the DLVO theory (Bouwer et al., 2000; Foppen 
and Schijven, 2006). The DLVO theory, given its name from the first letters of its
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founders’ names, considers the balance of the electrostatic repulsion between like- 
charged surfaces and the attractive van der Waals force. High ionic strength weakens the 
extent of the electrostatic force, often referred to as “compressing the double layer” and 
thereby increases the likelihood of adhesion (MWH, 2005).
As aquifer grain size increased from 0.19 mm to 5.28 mm, the removal coefficient 
for E. coli decreased. Likewise, as the flow rate increased, removal decreased. (Tufenkji 
and Elimelech, 2004)
Some cells have different likelihoods of adsorption because of their own physical 
and chemical characteristics. A cell’s motility, shape, size and surface charge, and the 
presence of extracellular molecules and pili all contribute to the effectiveness of 
adsorption (Bouwer et al., 2000). By changing the composition of lipopolysaccharides in 
the outer membrane of E. coli, Walker et al. (2004; cited in Foppen and Schijven, 2006) 
were able to increase or decrease collision efficiency. Many physical and chemical 
characteristics are not uniform in a given bacterial population or may be impacted by 
environmental factors. For example, short-term starvation contributes to attachment 
(Kjelleberg, 1984), but long-term starvation causes cells to shrink and thereby decreases 
removal efficiency (Sharp, 1999 in Bouwer, 2000).
Lastly, flow regime impacts transport. Conventional filtration theory assumes 
laminar flow, and turbulent flow will result in lower than predicted removal. SSF flow 
can be accurately described as laminar, but flow at the riverbed of an RBF system is 
influenced by the natural river flow, the induced flow of the well, and the uneven surface 
of the riverbed. Turbulence also increases near the well screen. (Cote et al., 2002)
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The significance of physical straining in granular media filtration has been 
approached by a number of authors, each with his or her own conclusion. Exact 
prediction is impossible because pore sizes, even in engineered systems such as SSF, are 
not uniform. Matthess and Pekdeger (1985) refer to the method of Busch and Luckner 
(1974) for calculating the geometrical suffusion security (an empirical value that 
indicates whether size exclusion will occur),
7sg = “ TT- > (2-7)Fsdk
where dp is the diameter of the particle -  in this case bacterium -  whose removal is 
desired, Fs is an empirical constant, and d* is the hydraulic equivalent diameter of pore 
canals, tjsg must be greater than 1.5 for bacterial straining to occur. Matthess and 
Pekdeger (1985) calculate the denominator Fsdk for various grain sizes. Fine silt (grain 
size 0.002 -  0.006 mm) has a denominator of 0.72 pm, indicating that bacteria larger than 
1 pm in diameter would be strained by fine silt. Fine sand of the type used in SSF has a 
denominator of 24 pm and would, therefore only strain particles or microorganisms with 
a diameter greater than 36 pm.
Corapcioglu et al. (1984) highlight the section on straining in the filtration model 
of Herzig et al. (1970), which calculates that straining becomes significant when dp is 
greater than 0.05 times the filter medium diameter. For sand with a diameter of 0.2 mm, 
bacteria with a diameter of 1 pm fail to meet this criterion. Likewise, if a riverbank filter 
is to have a large enough yield to be viable, it cannot contain media small enough to 
cause straining to be a significant removal mechanism.
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On the other hand, Foppen et al. (2005) found that considering the pore size 
distribution in sand when applying Herzig’s equation predicts straining will be 
significant. Over time, however, dead-end pores fill to overflowing and removal 
efficiency decreases. Straining may be of importance in the schmutzdecke or at the 
riverbed because larger particles will be entrapped in pore spaces before bacteria. As the 
larger particles fill pore spaces, the geometry of the filter will change, and the deposited 
particles themselves -  not the underlying filter media -  will be responsible for filtration. 
This scenario is discussed further in Chapter 4.
2.4. The Schmutzdecke
2.4.1. Description
The term schmutzdecke comes from the German words Schmutz, meaning dirt, 
and Decke, meaning covering, and is typically applied to slow sand filtration,. The Slow 
Sand Filtration Design Manual defines it as, “a layer of material, both deposited and 
synthesized, on the top of the filter bed that causes headloss disproportionate to its 
thickness” (AWWARF, 1991). The nature of the schmutzdecke varies, however, based 
on source water characteristics. In New England, it is often gelatinous, highly 
biologically active, and somewhat bound to the top of the sand bed (Collins et al., 1989) 
Conversely, in Empire, CO, the schmutzdecke has been described as an “inert 
carbonaceous deposit” (AWWARF, 1991). In all cases, the schmutzdecke houses a 
highly biologically active conglomerate of bacteria, algae, protists, and macro­
invertebrates (McNair et al., 1987).
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The literature is unclear about the actual definition of what constitutes a 
schmutzdecke and how one distinguishes between it and the sand bed of an SSF. Weber- 
Shirk and Dick (1997a) provide a detailed review of the history of the term and the 
discrepancies in its usage. Briefly, the schmutzdecke can be divided into two regions, a 
filter cake or slime layer above the sand, and the biologically active region in the sand 
bed. Weber-Shirk and Dick prefer to define the schmutzdecke narrowly as the filter cake 
only, while the Slow Sand Filtration Design Manual’s definition includes the biologically 
active sand region because the headloss through that region is much greater than the 
headloss through the rest of the filter (AWWARF, 1991).
For the purposes of this study, the Manual’s definition has been used. A difficulty 
arises when using this definition, however, because no clear delineation exists between 
the biologically active sand and the rest of the filter. Biological activity extends 
throughout the filter. In studies utilizing transparent coring devices, however, a clear 
difference can be seen (Figure 2-7) between a darker brown region that extends 
approximately 10 cm into the filter and the rest of the filter sand (Collins 2006, pers. 
comm.).
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Figure 2-7. Core of an SSF schmutzdecke. The top 1.5 cm constitute the “slime” or 
“cake” layer, and the 10 cm below that comprise the biologically active layer. 
Discoloration due to the biofilm and natural organic matter is visible.
During the present study, this darker region was also clearly distinguished, and it 
extended deeper into the sand bed as the filters ripened. For the purposes of uniform 
comparison, sand was typically sampled to a depth equivalent to 7.5 minutes of EBCT 
when characterizing the schmutzdecke.
A riverbed exhibits many of the same features as a slow sand schmutzdecke. It is 
biologically active (Moser et al., 2003) and contains a disproportionately large amount of 
fine sediment compared to the rest of the aquifer. At the same time, a riverbed is much 
more complicated than a traditional schmutzdecke. First, an armor layer of gravel and 
cobbles typically coats all or some of the bed (Hubbs, 2005; Wilcock and DeTemple,
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2005). Second, river velocity affects the amount of sediment that settles and remains on 
a riverbed or bank (Ray, 2002). Third, permeability through a riverbed changes 
seasonally according to site specific conditions, which is of particular concern because 
the bed is least effective at removing contaminants while the river stage is increasing 
(Gollnitz and Amette, 2003). As the water level increases above a seasonal low or rises 
because of a storm event, the riverbed that had been above the water level now acts like a 
“virgin” SSF bed. High flow also disturbs the organic and biologically activated 
sediment layer in bed (Ray et al., 2002; Gollnitz and Amette, 2003).
Despite the factors that make a riverbed more complicated than a slow sand 
schmutzdecke, researchers have witnessed riverbeds in RBF systems behaving very 
similarly to a traditional schmutzdecke. Schubert (1992; cited in Ray et al., 2002) 
observed evidence of biodegradation (reduced levels of DOC and UV254 absorption) as 
little as 0.6 m below the riverbed surface. Periods of high flow were observed to remove 
the biologically active region of the riverbed, but it re-established after two to three days. 
In Diisseldorf, Germany, water from the “first few decimeters” of riverbed sediment 
showed evidence of biodegradation (Ray et al., 2002).
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2.4.2. Influence of the Schmutzdecke on General Bacterial Transport Theories
The development of a schmutzdecke has been shown to alter conditions within a 
filter such that the accuracy of conventional filtration theory deteriorates. Filtration 
theories can be inaccurate because of certain unrealistic assumptions they make (MWH,
2005):
• colloids and filter media grains are spherical;
• filter media is smooth and does not disrupt streamlines; and
• the filtration coefficient X is constant at all locations in the filter.
Each of these assumptions is challenged by the unique physical aspects of the 
schmutzdecke or riverbed and may also be affected by the growth of a biofilm on the 
filter media.
The shape and roughness of filter grains has been shown to greatly impact 
removal of large colloids such as Cryptosporidium (Tufenkji et al., 2004), but impact of 
filter roughness on bacteria removal has not been studied (Foppen and Schijven, 2006). 
The third assumption has been the subject of a number of studies. Researchers of RBF 
have reported that attachment of microorganisms -  viruses (Schijven et al., 1999) and 
bacteria (Hendry et al., 1997; Zhang et al., 2001) -  decreases with increasing travel 
distance. Schijven et al. (1999) hypothesize that improved removal in early stages of 
transport is due to a high concentration of “favorable” attachment sites, possibly iron 
oxy-hydroxides.
Findings by other researchers support the theory that adsorption to favorable sites 
in the upper regions of a filter is responsible for much of the bacterial removal in
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biological filters. Weber-Shirk (2002) derived an acid-soluble extract from lake seston 
that, when fed onto short test SSFs, improved E. coli removal by more than 5 logs.
Increased adsorption in the schmutzdecke may have a biological cause in addition 
to the physical/chemical mechanisms described above. Bellamy (1985) operated pilot 
SSFs one foot in diameter in parallel using the same source water and varied operational 
or design parameters. Cold (2°C -  5°C) filters removed fewer coliforms than warm 
(17°C) filters. A filter receiving chlorinated water during ripening removed only 60% 
percent of challenge bacteria versus a control filter removing 97% and a nutrient- 
amended filter removing 99.9%. Bellamy asserts that the biological community is 
responsible for the improved removal. Hirshi and Sims (1994) calculated an increase in a 
from 0.12 to 0.51 during 54 days of ripening.
The scientific community is not entirely convinced that development of a biofilm 
improves adsorption in granular filters. For example, Weber-Shirk and Dick (1997) used 
azide to inhibit biological growth after ripening filters for 5 days. Introduction of the 
azide induced an immediate reduction in E. coli removal. They argued the structure of 
the biofilm remained, so any increase in adsorption attributable to the biofilm should 
have continued to contribute to removal. The azide-induced reduction in removal 
efficiency was immediately reversible when the azide feed was discontinued, suggesting 
that the only plausible biological removal mechanism was predation or non-specific 
degradation due to antagonistic bacteria, not adsorption to a biofilm.
With regard to straining, Hijnen et al. (2004) found that SSFs with a 
schmutzdecke demonstrated a removal of bacteria 1 -  2 logs greater than filters without a
37
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
schmutzdecke, but virus removal was unchanged by the presence of a schmutzdecke.
This finding indicates that straining is important at the sand-water interface as a slime 
layer develops.
Mauclaire et al. (2005) observed a decrease in hydraulic conductivity during filter 
runs and compared the state of the biological communities in clogged (hydraulic 
conductivity < 0.5 m/h) and unclogged (average hydraulic conductivity of 1.2 m/h) SSFs 
in Switzerland and attributed much of the observed decrease in hydraulic conductivity to 
bioclogging. They also observed a higher abundance of bacteria and micro fauna in 
clogged filters. Conversely, Thullner et al. (2002), using 2-dimensional flow fields, 
determined that bioclogging was local, and flow bypass prevented reduction of hydraulic 
conductivity and allowed contaminant breakthrough.
2.5. Biofilms
A simple introduction is provided here about the role biofilms may play in 
bacterial removal in the schmutzdecke,. Definitions of biofilms can be expansive and 
often contain many characteristics, but current leaders in the field of biofilm research 
agree that a biofilm can be defined as “a surface accumulation, which is not necessarily 
uniform in time or space, that comprises cells immobilized at a substratum and frequently 
embedded in an organic polymer matrix of microbial origin” (Characklis and Marshall 
1990; quoted in Bryers, 2000). As bacteria attach to a surface, referred to as a 
substratum, and begin to congregate, the community that develops exhibits greatly 
different characteristics than the individual bacteria would as free-living organisms. The 
biofilm develops a complex structure and excretes extracellular polymeric substances
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(EPS) that channel nutrients into its depth and protect it from scour or desiccation.
(Bryers, 2000; Stoodley etal., 1999)
The high specific surface area of porous media causes most of the bacteria present
to be attached to a surface, but it is unlikely in an SSF or RBF system that most of the
surface area is covered by biofilm. In fact, a rough calculation estimates that 0.08-8% of
* 8 10river sediment surface area is colonized assuming concentrations of 10 -  10 cells / g of 
sediment and a specific surface area of 0.1 m2 / g (Bouwer et al., 2000). In addition, 
microscopic investigation has revealed only isolated aggregates (Baveye et al., 1992). 
Despite the apparent lack of uniformity of natural biofilms, bacterial aggregation can 
have a significant effect on the geometry and hydraulic conditions of a porous medium. 
For example, bacterial biofilms are used in the petroleum industry to clog regions of 
potential loss (Bryers, 2000).
2.6. Protists in Biological Filters
The Kingdom Protista, whose members are referred to as protists, has become a 
taxonomic catch-all for all organisms that do not meet the criteria of the other kingdoms. 
The kingdom is currently divided into 15 major phyla, but some of the phyla share 
common characteristics; therefore, the Kingdom can be broken into seven groups Table 
2-7.
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Table 2-7. Major groups within the Kingdom Protista with descriptions, common 
subdivisions, and typical examples, (adapted from Raven and Johnson, 1999)
Group Subdivision ____________ Typical Example_______ ________________








Diatoms: Photosynthetic protists that are unicellular, many with a double shell of silica
Diatoma 
Golden algae 




Sporozoa: Nonmotile, spore-forming unicellular parasites
Plasmodium
Ciliates: Heterotrophic unicellular protists with cells of fixed shape possessing two 
nuclei and many cilia
Paramecium
Molds: Hetertrophs with restricted mobility and cell walls made of carbohydrate 
Cellular Slime Molds Dictyostelium
Plasmodial Slime Molds Fuligo
________ Water Molds _____  Water molds, rusts, mildew________________
Of the seven major groups, three are of particular interest when discussing 
predation on bacteria: ciliates, flagellates, and amoebae. The classification, protozoa, is 
often given to these groups. Protozoa means “first animals” and is fitting because 
protozoa are differentiated from other protists because they obtain energy by 
heterotrophy, ingesting organic carbon sources. Heterotrophy stands in contrast to 
photosynthesis, by which organisms (e.g., algae) use CO2 as a carbon source and energy 
from sunlight to produce organic carbon internally. Some protozoa are capable of 
photosynthesis in addition to heterotrophic feeding and are referred to as mixotrophic, but
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must still be considered in a discussion of bacterial predation. Bacteria are not the only 
. food source for heterotrophic protists, which will also consume detritus or even other 
protists. Protists also obtain organic carbon by means of osmotrophy, ingesting soluble 
organic molecules. (Patterson, 1996)
The first report o f  enumerating protists in SSFs came from Lloyd (1973). 
Richards (1974) also examined protistan populations in SSFs and reported a connection 
to bacterial removal.
With respect to RBF, the author is unaware of any studies, which have attempted 
to draw a connection between bacterial removal and protistan populations in a riverbed. 
Foppen and Schijven (2006) present studies performed at bench scale, in which bacterial 
mortality rates were compared between natural aquifer water and a sterile control. 
Results varied, but the average mortality rate coefficient was 1 log greater in natural 
water than in sterile water.
Protistan predation provides two possible mechanisms for improving bacterial 
removal in biological filters. First, predators may remove bacteria directly by 
interception and consumption in the bulk fluid flow. Second, they may indirectly 
improve removal by grazing surface associated bacteria, clearing them from the surface 
of filter media and thereby freeing adsorption sites, as well as preventing later 
detachment.
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Interception in Bulk Fluid Flow
A number of researchers have estimated bacterial uptake and clearance rates (the 
rate at which water is cleared of bacteria by a protist) for different protists under various 
environmental conditions (Tables 2-8 and 2-9).










Kinner et al (1998) Size specific 
to bacteria 
0.8-1.5 um
Flagellates 1.1-90.4 Rivers Barcina et al. (1991) 
Gonzalez et al. (1990)
Flagellates 2-181 Lakes Bloem et al. (1989) 
Holen and Boraas (1991) 
Sanders et al. (1989)
Table 2-9. Clearance rates — volume of water cleared of particles per protist per unit 










Kinner et al. (1998) Size specific 
to bacteria 
0.8-1.5 um
Flagellates 0.2-8.9 Rivers Barcina et al. (1991) 
Gonzalez et al. (1990)
Flagellates 0.43-5.01 Estuarine Gonzalez et al. (1990)
Flagellates 0.2-44 Lakes Bloem et al. (1989) 
Holen and Boraas (1991) 
Sanders et al. (1989)
Flagellates 1.04-1.23 Estuarine Gonzalez et al. (1990) E. coli 
specific
Ciliates 54-406 Estuarine Gonzalez et al. (1990)
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While helpful, predation studies in an aqueous environmental have limited 
applicability to filtration applications because diffusion, mixing, and locomotion are 
restricted by the geometry of the filter media (Ronn et al., 2002). Furthermore, protists 
are likely to attach to filter surfaces, where they typically feed at higher rates than free- 
swimming protists (Weber-Shirk and Dick, 1999).
Weber-Shirk and Dick (1999) isolated a chrysophyte, which they considered 
responsible for removal o f E. coli in their lab scale filters. They successfully inoculated 
test filters with a culture of the chrysophyte and observed improved E. coli removal after 
inoculation.
Grazing on Surface-Associated Bacteria
Researchers have looked specifically at protists grazing on surface-associated 
bacteria in granular media filters. For example, Lloyd (1996) observed two species of 
Vorticella, a peritrich, in lab scale SSFs. The impact of grazers on the sorbed bacteria in 
a filter is very complex. From a total biomass perspective, the interaction between 
predators and prey causes the mass of bacteria at the water/sand interface to reach a 
steady state as observed by Page (1997), who measured a steady increase in the bacterial 
biomass in the schmutzdecke during the first 40 days of operation of a virgin sand filter, 
but a “fairly constant” level between Days 168 and 376 after startup of another filter.
When considering the effect of grazing on individual bacteria, however, protists 
appear to favor certain characteristics. According to Ronn et al. (2002), Gram positive 
bacteria appeared to be less edible than Gram negative, but Gram status was not the only 
determining factor with regard to edibility. Protists have been observed feeding
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preferentially on bacteria greater than 0.5 pm in size (Ronn et al., 2002; Gonzalez et al.,
V.
1990). Removal of certain bacteria from a community by predation alters the 
environment of a filter (e.g., by reducing competition for substrates) and indirectly affects 
community structure even further.
The composition of the protistan community .also affects its influence. In an 
experiment by Ronn et al. (2002), five specific isolates each had a different effect when 
inoculated individually than when they were inoculated simultaneously, indicating that 
the number of protists in a region is only one indicator of their potential influence on a 
bacterial community.
2.7. Use of GFP-Labeled E. coli in Transport Experiments
When conducting experiments investigating the fate of bacteria, it is often 
beneficial to label the organisms of interest in order to differentiate between introduced 
“challenge” and indigenous bacteria. Various stains have been employed for this 
purpose, but a method that has gained popularity recently is genetically coding bacteria to 
produce the green fluorescent protein (GFP).
GFP is found naturally in the jellyfish, Aequorea victoria, but the gene for its 
expression has successfully been transferred to yeasts, bacteria, plants, and mammals. Its 
use as a biological marker in ecological studies dates back at least to 1996, when Burlage 
et al. labeled E. coli and Pseudomonas putida with a GFP transposon. One concern with 
the use of GFP is autofluorescence of ambient cells at a wavelength similar to that of 
GFP (Billington and Knight, 2001). Despite this obstacle, GFP-labeled bacteria have
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been successfully used as tracers in groundwater studies (Banning et al., 2003; Banning 
et al., 2002).
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CHAPTER 3
EXPERIMENTAL APPROACH AND METHODOLOGY
A number of individual experiments were performed to meet the four objectives 
outlined in the Introduction. Section 3.1 presents the methodology of these experiments 
within the framework of the four objectives. Sections 3.2 and 3.3 explain the details of 
the materials and lab analyses. Finally, the quality control (QC) measures are presented.
3.1. Experimental Setups
Table 3-1 summarizes the individual experiments conducted in the scope of this 
research. It provides an overview of the research and a comparison of ripening times. 
Appendix A contains more detail on ripening times and challenge dates, as well as data 
describing the quality of the raw source water used to ripen the filters.
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Table 3-1. Summary of all individual studies and their corresponding objectives.
The dates displayed correspond to ripening times.
Objective 1 : Rank Operational and Design Parameters
Screening Study (Parameters: initial 
biomass, EBCT, HLR, sand media size)
May 2,2005 -  June 1, 2005
Screening Study (replication) March 30, 2006 -  April 25,2006
Relative Effect of L/d (filter depth to media 
diameter ratio) and EBCT
September 30,2005- - October 25, 2005
Ob jective 2 : Assess Effect of Schmutzdecke Removal and Recovery
Scouring Simulation June 10,2005 -  July 6, 2005
Effect of Temperature on Schmutzdecke 
Regeneration
July 21, 2005 -  August 16, 2005
Objective 3 : Assess Removal Mechanisms Associated with Schmutzdecke Biofilm
Toxic Effect of Schmutzdecke Extracts March 28, 2006
Correlations of Schmutzdecke Biofilm 
Parameters to E. coli Removal
Compilation of data from all previous 
studies.
Objective 4: Estimate Potential Influence of Protistan Predation
Comparison of Live Protist Counts in 
Schmutzdecke Samples to E. coli Removal
October 25, 2005 -  December 8, 2005
Effect of Ripening Time on Protist 
Population
February 25, 2006 -  March 28, 2006
Green Fluorescent Protein (GFP) -  Labeled 
E. coli Study 1: Mass Balance
May 23, 2006 -  June 6, 2006
Green Fluorescent Protein (GFP) -  Labeled 
E. coli Study 2: Time Series
June 20, 2006 -  July 7, 2006
Counting Protists in Drained and 
Undrained Filters
May 23,2006 -  June 16, 2006
Seeding Filters with Protists July 18, 2006 -  August 18, 2006
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3.1.1. Objective 1: Rank Operational and Design Parameters 
Screenitig Study
Filter Design and Operational Factors
After a review of the literature on slow sand filtration, four factors were identified 
as being both of likely importance and under the control of designers or operators:
1. Sand grain size (Size)
2. Hydraulic loading rate (HLR)
3. Starting biomass level (Biomass), and 
,4. Empty bed contact time (EBCT).
Size was differentiated by sieving SSF sand from the full scale SSF in Winthrop, 
ME through a #16 sieve (1.18 mm opening). Sand that passed the sieve was considered 
“small”, and sand retained was considered “large”. HLR is the ratio of flow, Q, to filter 
cross sectional area, As, and is reported in units of cubic meters per hour flow per square 
meter cross sectional area.
Q = HLR. (3.1)
A„
[h l r ] =
Initial biomass content was controlled by taking sand from an operating filter 
(“acclimated sand”) or “virgin” sand direct from the supplier. Lastly, EBCT is the 
amount of time water would spend in a filter with no sand.
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  e m p t y  f i l t e r
Q
(3.3)
It is a measure commonly used to compare filters with different flow rates. Table 3-2 
summarizes the factor settings.
Table 3-2. Factor settings for screening study.
Factor High Level (+) Low Level (-)
Sand Grain Size Small: passes #16 sieve 
(1.18 mm)
Large: does not pass #16 sieve 
(1.18 mm)
Hydraulic Loading Rate 
(HLR)
0.6 m/h 0.2 m/h
Starting Biomass Content “Aacclimated”1 “Virgin”1
Empty Bed Contact Time 
(EBCT)
60 minutes 15 minutes
The terms “acclimated” and “virgin” used to describe sand ripening state are described 
in the text.
Experimental Design
A 24'1 fractional factorial design was chosen, as outlined in Table 3-3. This 
arrangement allowed all main effects and two-way interaction terms to be estimated with 
no aliasing between main effects and two-way interactions. A picture of the experimental 
setup showing the eight columns is provided in Figure 3-1.
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Table 3-3. Assignment of factor levels to sand filters for screening study.
Filter# Size
HLR-Hydraulic 
Loading Rate (m/h) Biomass
EBCT - Empty Bed 
Contact Time (min)1
1 Large 0.2 Virgin 15/7.5
2 Large 0.2 Acclimated 60/52.5
3 Large 0.6 Virgin 60/52.5
4 Large 0.6 Acclimated 15/7.5
5 Small 0.2 Virgin 60/52.5
6 Small 0.2 Acclimated 15/7.5
7 Small 0.6 Virgin 15/7.5
8 Small 0.6 Acclimated 60/52.5
The first value represents the EBCT before scraping. After scraping, EBCT was reduced 
by 7.5 minutes in each column because a depth of sand equivalent to 7.5 minutes of 
EBCT was scraped.
Figure 3-1. Filter column setup for screening study. Constant flow raw water tank 
is between the two racks.
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All runs were performed simultaneously in order to have identical raw water for 
ripening the columns and an identical challenge solution. Each of the 8-run blocks was 
performed in duplicate. Only eight runs could be performed simultaneously, however, 
due to the maintenance of the glass columns and numerous analyses required for each 
challenge. As such, the replicate runs were performed as two blocks, one in May 2005 
and one in April 2006. The times were chosen to limit the effect of water temperature 
and seasonal water quality variations.
Comparing Performance o f Ripened to Scraped Filters
The second goal of this study was to compare the efficiency of ripened to scraped 
filters. Ideally, a fifth factor, “ripening state” would have been added to the design with 
settings of “ripened” and “scraped”. Unfortunately, a new challenge solution of E. coli 
was required for the “scraped” challenge because the E. coli would not survive for the 
twenty-four hour period between challenges. Therefore, a two-sample t-test for matched 
pairs was performed on the ripened and scraped data.
L/d vs. EBCT Study
Results from the screening study (Section 4.1.1) identified EBCT as having a 
significant influence on removal. A follow-up study narrowed the scope of the first study 
by focusing on the. impact of EBCT and L/d, the ratio of the length of the filter, L, to the 
effective diameter of the media, d. Filter columns contained one of two sand media 
configurations: “small” with effective size (ES) = 0.25 mm and uniformity coefficient 
(UC) = 1.5, or “large” with ES = 0.5 mm and UC = 1.5 and one of three hydraulic 
loading rates: “fast” 0.6 m/h, “medium” 0.4 m/h, or “slow” 0.2 m/h.
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3.1.2. Objective 2: Assess Effect of Schmutzdecke Removal and Recovery
Green Fluorescent Protein (GFP) Labeled E. coli Study: Distribution and Mass 
Balance
It was decided that conducting a mass balance of E. coli introduced to a filter 
during a challenge would allow more information to be gathered regarding their fate. For 
example, if  not all of the bacteria were recovered in the effluent or extracted from the 
filter media, then it could be inferred that biological removal mechanisms such as 
predation are of importance.
E. coli labeled with the green fluorescing protein (GFP) were used as the 
challenge organism in order to differentiate between naturally-occurring E. coli that 
congregate on the filter during ripening and challenge E. coli. Two replicate filters were 
constructed.
The mass balance was:
In = Out + Sorbed + Losses. (3.1)
Losses include death, inactivation, consumption, and aggregation. This approach 
assumed minimal attachment to tubing and filter apparatus and no growth of challenge 
GFP E. coli during the challenge. An accounting of each term is now explained:
1. In and Out (measured): Water samples were taken every thirty minutes from the 
influent to ensure the influent concentration of GFP E. coli was constant. All 
effluent water throughout the challenge was collected as a composite sample. The 
composite effluent sample was homogenized and analyzed. Flow rates were 
monitored with graduated cylinders and remained constant at an HLR of 0.6 m/h.
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2. Sorbed (measured) was determined by extracting bacteria from tHe filter using 
0.1% (w/v) sodium pyrophosphate as described in Section 3.3. Samples were 
taken with depth from the following intervals 0-1 cm, 2-3 cm, 4-5 cm, 10-11 cm, 
and from the bottom of the filter 21-22 cm. A sample from each region was 
thoroughly mixed before triplicate 3-gram samples were taken for bacterial 
extraction. Concentrations were interpolated between regions to determine a total 
number of bacteria recovered from the filter media.
3. The term, Losses, was calculated from the mass balance. It encompassed all the 
reasons GFP E. coli were not either recovered in the effluent or extracted from the 
filter. Such reasons may include death, predation, attachment to filter apparatus, 
or incomplete extraction from filter sand.
Using GFP bacteria enabled challenge organisms to be differentiated from 
indigenous bacteria already living in the filter, and the short challenge run time (1.5 
hours) minimized the effect of growth in the filter. An empty column was used to control 
for adherence to tubing, fittings, or column sidewalls.
Scouring Simulation
A scouring simulation was conducted to quantify pathogen removal with depth in 
a biological filter and re-evaluate the ability of a filter to recover from a sudden loss of 
the schmutzdecke, for example riverbed scouring or slow sand filter scraping. The 
screening experiment had indicated that scraping significantly reduced E. coli removal.
Two trains of four pilot columns were filled with 22.5 cm of sand, connected in 
series and allowed to ripen for two weeks on Oyster River (Durham, NH) raw water, thus
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simulating a filter 90 cm deep. Both trains were then challenged with E. coli, one in 
series to assess the overall removal efficiency and one in parallel to assess the efficiency 
of each individual section. Following the challenge, the parallel columns were allowed to 
continue filtering Oyster River water for two more weeks in order to enable simultaneous 
development of a schmutzdecke in each column. The series and parallel column 
arrangements are demonstrated in Figure 3-2. Another, identical series of columns 
operated simultaneously and was used to evaluate the status of the biofilm using the 
methods described in Section 3.3.2.
Scouring Simulation with Temperature Influence
Next, the influence of water temperature on schmutzdecke redevelopment after 
scraping or scouring was examined. Columns were ripened in series identically to the 
previous scouring simulation, but only three columns of 22.5 cm length were used. After 
two weeks ripening, the columns were again connected in parallel, but for this study, one 
series was taken to a cold temperature room held at 8° C. The previous day, Oyster River 
raw water had been transported to the cold temperature room and mixed continuously 
with an impeller. Water in the cold room was replenished with water from the Oyster 
River every 48 hours. Meanwhile, the second series of columns remained at the water 
treatment plant. After four days of ripening, each column segment was challenged with 
an identical challenge solution consisting of raw water spiked with E. coli.
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Figure 3-2. Schematic of filter arrangement for parallel (top) and series (bottom) 
operation.
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3.1.3. Objective 3; Assess Removal Mechanisms Associated with the Schmutzdecke 
Biofilm
Correlating Biomass Characteristics to E. coli Removal
No specific experiment was designed to examine the possibility of biologically 
mediated adsorption. Instead, during most experiments the top of each filter column was 
sampled to a depth equal to 7.5 minutes of EBCT. This top section of sand was analyzed 
for biofilm characteristics as described in Section 3.3.2. Concentrations of each of these 
characteristics were then plotted against E. coli removal in the filter in an attempt to 
correlate removal with schmutzdecke biofilm status.
Toxic Effects o f  Schmutzdecke Extract
In addition to biologically mediated adsorption, another hypothesized removal 
mechanism caused by the biofilm in the schmutzdecke is the presence of bacterial toxins 
excreted by antagonistic bacteria, fungi, and other microbes. In order to test for such 
toxic effects, a microbe-free schmutzdecke extract, hereafter referred to as “extract” was 
generated from the schmutzdecke of seven filters, each of which had been ripening 
different lengths of time (1 hour -  30 days). To produce the extract, the top inch of each 
column was removed and homogenized by stirring as thoroughly as possible. 
Approximately 8 g of sand were transferred to centrifuge tubes, and 1 mL of raw water 
from the overflow tank feeding the columns was added for each gram of sand. Tubes 
were vortexed 2 min and then centrifuged at 5000 rpm (-5000 x g) for 10 min with an 
IEC Centra MP4R centrifuge. The supernatant was decanted into separate centrifuge 
tubes and centrifuged again, this time at 4200 rpm for 20 min. The extract was frozen.
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The following were added to 20 mL, autoclave-sterilized test tubes: 7.5 mL 
sterilized laboratory grade reverse osmosis (RO) water, 1.5 mL of extract from each 
column, and 1 mL dilute E. coli stock, such that each tube contained 10 mL of dilute 
extract and a goal concentration of 105 E. coli / 100 mL. Two replicate test tubes were 
prepared for each column, and two'control tubes were prepared with 1 mL sterile RO 
water in place of the schmutzdecke extracts. The tubes were shaken gently on a shaker 
table for 3 minutes to mix before a time = 0 sample was taken for E. coli enumeration. A 
second sample was taken after 1.5 hours, the duration of the original challenge of the 
seven columns, in order to allow direct comparison between total E. coli removal in the 
different columns and the corresponding E. coli removal in the presence of only the 
extract.
3.1.4. Objective 4: Estimate Potential Influence of Protistan Predation 
Protistan Enumeration
The potential ability of naturally-occurring protists to remove challenge E. coli 
was estimated by counting protists in four categories from fresh schmutzdecke samples 
according to the procedure presented in Section 3.3.3. Detailed results are presented in 
Chapter 4. Initial calculations of protistan update rates determined that protists could 
consume four orders of magnitude more bacteria than were actually removed in the filter. 
Therefore, a study was designed to measure the impact of ripening time on protistan 
abundance in the schmutzdecke. Filter columns were ripened for 4 weeks, 2 weeks, 1 
week, 48 hours, and 24 hours at a HLR of 0.3 m/h. Sand for a sixth filter, the control 
filter, was washed with raw water before packing to achieve similar surface chemistry to
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other columns, and water was run for 30 minutes prior to challenging in order to flush 
fines. A seventh filter column was allowed to ripen 2 weeks but at an HLR of 0.6 m/h 
(twice that of the other columns). This column (Column 3) would receive the same 
throughput of water as the 4 week column (Column 1). All columns were challenged 
with the same E. coli solution simultaneously to reduce confounding influences. The 
schmutzdecke was subsampled in duplicate and protists were extracted and stained 
according to Section 3.3.3.
Effect o f  Draining on Protistan Abundance
Protists are loosely associated with sand media in filter because they do not form 
a glycocalyx as bacteria do. Therefore, it was reasonable to assume that a substantial 
portion of protists in SSFs are removed along with the pore water when the filter is 
drained for cleaning.
In order to test this hypothesis, four filters were ripened for 3 weeks. 4.5” of sand 
was used in 6” columns to limit the amount of supernatant. After the ripening period, 
supernatant from each filter was carefully removed with a pipette without disturbing the 
schmutzdecke and placed in sterile Nalgene® sample bottles for protistan enumeration. 
Then two filters (Columns 1 and 2) were drained completely, and the pore water was also 
collected in sterile containers for protistan enumeration. The schmutzdecke from each 
filter was subsampled three times for protists as described in Section 3.3.3. The 
schmutzdecke of the remaining two filters (Columns 3 and 4) was sampled with the 
supernatant water in place, while limiting disturbance as much as possible. Any draining 
would potentially flush some protists from the schmutzdecke.
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Green Fluorescent Protein (GFP) Labeled E. coli Study: Time Series
It was decided to conduct a time series study, in which GFP-labeled E. coli were 
extracted and effluent collected at various points over the course of 24 hours. Due to the 
small diameter of the glass filter columns and the inability to access depths of the filter 
non-destructively, five filters were operated in parallel, and each was taken offline after 
increasing lengths of operation for destructive sampling of the sand with depth. A sand 
depth of 4 inches was selected to limit the amount of interpolation necessary between 
extraction sites. Filters were operated at an HLR of 0.6 m/h.
The E. coli challenge solution was fed to all columns for a length of time 
equivalent to three bed volumes (67 minutes). Similar to the previous experiment with 
GFP, all of the effluent from Filter 1 was collected during the challenge. Filter 1 was 
taken offline immediately following the challenge for GFP extraction. All other filters 
were then fed raw water and taken offline for GFP extraction after specified run times. 
Effluent was collected from each filter to monitor for detachment. Effluent was collected 
from only one filter at a time; a filters’ effluent sampling began when the preceding filter 
was taken offline and ended when the filter itself was taken offline for extraction. The 
run times and sampling times for each filter are summarized in Table 3-4.
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Table 3-4. Run times and effluent sampling times for filters in GFP-labeled E. coli 
time series study.
Filter# Length of Operation After End of 
E. coli Challenge (hours)
Time Range of Effluent Sampling 
(hours)
1 0 During challenge
2 . 1 0 - 1
3 2 1 - 2
4 5.5 2 -5 .5
5 22.5 5 .5 -22 .5
Seeding Schmutzdecke with Protists
The final study attempted to seed a schmutzdecke with protists. A solution 
containing a high concentration of protists common to the schmutzdecke of a SSF was 
prepared from the acclimator, which was introduced in the screening study in Section
3.1.1. The schmutzdecke of the acclimator was scraped and transported submerged in 
raw water to the laboratory. There it was placed on 60 pm nylon mesh and washed into a 
beaker with an extraction solution.1 The filtrate was then centrifuged at 500xg, 4°C for 
20 minutes; pellets were washed; and centrifuged again at lOOOxg, 4°C for 5 minutes and 
washed again before suspending in filtered raw water to produce “protist seed solution”.
Four sets of filters (Table 3-5) were prepared for the seeding and E. coli 
challenge. A set consisted of a 4 inch filter in series ahead of a 9 inch filter. The 4 inch 
filter acted as a prefilter to allow the 9 inch filter to begin biological ripening, while 
protecting it from a high accumulation of particles or protists. The filter sets were 
ripened in this configuration for almost one month. Seed solutions were prepared for 
each filter. Filter 1 received only filtered raw water with no protist amendment to act as a
1 The extract solution consisted o f  2 mL Tween 80 surfactant in 1 L o f  raw water that had been filtered 
through GF/A glass fiber filters to remove particles.
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control. Filter 2 received 100% protist seed solution. Filter 3 received a diluted seed 
solution of 33% protist seed solution and 67% filtered raw water. Filter 4 also received 
100% seed solution but was not challenged with E. coli. Instead it was used to examine 
whether the influx of a high concentration E. coli challenge solution caused the number 
of protists to increase dramatically in the schmutzdecke.
Each filter received its respective seed solution for 40 minutes (Figure 3-3) before 
the influent was switched to the E. coli challenge solution. Influent E. coli samples were 
taken at the beginning and end of the challenge. Effluent E. coli samples were taken after 
3 bed volumes of challenge water were filtered. After the challenge, the schmutzdecke of 
each filter was sampled to enumerate protists.
Table 3-5. Overview of 4 filters for protist seeding study.
Filter # Protist Loading Challenged with E. coli?












Seed 40 Minutes with 
Protist Solution
Sample Schmutzdecke for 
Protist Concentration
Sample Influent and Effluent 
Protist Concentrations
Sample Influent and Effluent 
E. coli Concentrations
Figure 3-3. Flowchart for protist seeding experiment.
3.2. Materials
3.2.1. Filter Columns
The sand used was “O” sand supplied by Holliston Sand Co. (Slatersville, RI); it 
is the same sand used in the construction of numerous sand filtration plants in New 
England. Sand was washed with tap water in a bucket using a forceful hose nozzle in 
order to remove fines. Dirty water was decanted, and sand was washed repeatedly until 
the wash water was no longer visibly dirty. Washed sand had an effective size (ES) of 
0.39 mm and a uniformity coefficient (UC) of 2.2.
Each sand filter column was constructed in a 2 inch inner diameter glass 
chromatography column (Kontes, Vineyard, NJ) with TFE adapters. Stainless steel 
screens supported the sand in the. columns. Columns were incrementally packed under 
saturated conditions by adding approximate 50 g sand and tapping the side of the column 
lightly three times between increments. Norprene tubing connected a constant flow raw
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water tank to the top of each column, with energy provided by peristaltic pumps 
(Masterflex). Raw water from the Durham, NH water treatment plant, which is drawn 
from the Oyster River, was used to ripen the filters and was spiked with E. coli for 
microbial challenges. The sand filter columns were ripened and/or challenged 
individually, in series or parallel depending on the individual study’s experimental 
design.
3.2.2. Operational Parameters and Raw Water Quality
Raw water quality was monitored daily by the staff of the Durham Water 
Treatment Plant for conductivity, alkalinity, dissolved oxygen (DO), UV254, temperature, 
apparent and true color, pH, and turbidity.
Periodically, basic water quality analyses including DO, temperature, and 
turbidity were performed on the effluent of experimental filter columns in addition to 
enumeration of influent and effluent challenge microorganisms as part of this thesis 
research. Flow rates were monitored with a stopwatch and 25 mL graduated cylinders. 
Flow rates varied depending on the study between 6 and 18 mL/min corresponding to 
HLRs between 0.2 m3/m2*h and 0.6 m3/m2*h. EBCTs were in the range of 15 to 60 min.
3.2.3. Experimental Challenge Microorganism
E. coli was chosen as the challenge organism. Two varieties were used. The 
primary strain was F-amp, which is resistant to ampicillin and streptomycin. The second 
was a green-fluorescent protein (GFP) labeled strain. Each was cultured in tryptic soy 
broth in the Water Treatment Technology Assistance Center (WTTAC) lab at the 
University of New Hampshire. In order to avoid contamination, a solution of 0.15%
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streptomycin sulfate and 0.15% ampicillin sodium salt was filter-sterilized with a 0.2 pm 
filter and added in a ratio of 1:100 to the F-amp broth. The original cultures were 
supplied by the Department of Microbiology at the University of New Hampshire.
During an experimental challenge, the necessary amount of raw water would be spiked 
with stock E. coli to a goal concentration of 104 MPN/lOOmL.
3.3. Methods
3.3.1. E. coli Enumeration
Water samples were taken from the outlets of each filter in sterile (autoclaved at 
121 °C for 35 minutes) 250 mL Nalgene® containers. For taking influent samples, water 
was drawn through tubing of length equal to that of the sum of each filter’s influent and 
effluent tubing. Only the presence of the filter caused the path of water from tank to 
collection bottle to differ for influent and effluent samples. Thus, any loses of E. coli 
attributable to attachment to tubing were reduced as much as possible. The two varieties 
of E. coli used, F-amp and GFP, were presented in Section 3.2.3. Each was enumerated 
differently as described here and in Standard Operating Procedures (SOPs) in Appendix 
B.
F-amp E. coli were enumerated only in influent and effluent water samples using 
the IDEXX (Westbrook, ME) Quanti-Tray 2000®, an EPA approved method. A pre­
packaged pouch of IDEXX Colilert® powder was added to the final dilution, which was 
then poured into a Quanti-Tray® and sealed. Trays were incubated 24 (+/- 2) hours at 
37°C. The tray consisted of large and small wells, which were considered positive for 
total coliforms if they turned yellow and positive for E. coli if they were both yellow and
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fluoresced under UV light. An MPN (most probable number) table was provided to 
convert the number of wells into a most probable concentration of E. coli. Each well 
could count a range from 0 -2 4 1 9  organisms. 95% uncertainties for log removals were 
determined by propagating the uncertainties from the MPN method through the log 
removal calculation. The details of the uncertainty propagation are provided in Appendix 
E.
GFP-labeled E. coli (Figures 3-4 and 3-5) were enumerated both in influent and 
effluent water samples and from sand extraction by means of filtering and counting using 
epifluorescent microscopy at 600x magnification. A Nikon Optiphot (Melville, NY) 
microscope was used with a 100 W mercury vapor lamp and a Nikon B-2H filter cube, 
which has settings of 510 nm dichroic mirror, 450 -490 nm excitation, and 515IF barrier 
filter.
GFP E. coli were extracted from sand using the method described by Spanos 
(1989). Details are provided in the SOP in Appendix B. The final extract or water 
sample dilution was fixed at a ratio of 10:1, (sample to fixative), with a fixative solution 
of 10% glutaraldehyde and 10% cacodylic acid, and the contents were mixed with a 
vortex mixer. Fixed samples were held for fewer than 7 days before being filtered and 
counted.
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Figure 3-5. GFP-labeled E. coli from sand-washing extract.
3.3.2. Biofilm Characteristics
Four analyses (Table 3-6; SOPs in Appendix B) were used to characterize the 
biofilm colonizing filter media: a general biomass measurement, which measured lipid 
phosphate; total carbohydrate and total protein analyses to estimate the mass of 
extracellular polymeric substances (EPS) excreted; and CO2 respiration to monitor 
biological activity.
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Table 3-6. Laboratory analyses for biofilm characteristics.
Characteristic Analysis Reference
Total Biomass Phospholipids White et al. (1979) 
Findlay et al. (1989)
EPS 1. Total Carbohydrate
2. Total Protein
1. Dubois et al. (1956)
2. Lowry et al. (1951)
Biological Activity CO2 Respiration Knorr (2005), pers. comm.
Biomass Assay by Phospholipid Extraction
Biomass in the schmutzdecke (and occasionally at various depths within the filter) 
was monitored using the lipid phosphate extraction introduced by White (1979) and later 
refined by Findlay et al. (1989). Phospholipids are common to all cells and act as an 
indicator of viable biomass because they are turned over rapidly during metabolism 
(Vestal and White, 1989). Lipids were extracted using chloroform and methanol for 6 
hours. Dilute sulphuric acid and more chloroform were then added to separate the 
chloroform from the rest of the solution. While standing overnight, the phospholipids 
partitioned into the chloroform, and the chloroform phase was extracted the next morning 
with a fine-tipped syringe. Chloroform extracts were then dried under a nitrogen stream, 
and oxidized with potassium persulfate at 103°C overnight to liberate phosphate. The 
released phosphate was dyed with ammonium molybdate and malachite green to form a 
green compound that was quantified colorimetrically with a spectrophotometer (Hitachi 
U-2000, New York, NY) at 610 nm. The absorbance was compared to a phosphate 
standard curve, and concentrations were reported as nmol phosphate per gram dry weight 
sand.
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Extracellular Polymeric Substances (EPS) by Total Carbohydrate and Total Protein 
Assays
Total carbohydrates were quantified using the phenol-sulfuric acid method of 
Dubois et al. (1956). Carbohydrates were complexed with aqueous phenol and 
concentrated sulfuric acid in a 25°C water bath for 15 minutes, which produced a golden- 
brown color that was read colorimetrically at 485 nm. Absorbances were compared to a 
dextrose calibration curve, and concentrations were reported as micrograms 
carbohydrates as carbon per gram dry weight sand.
Total proteins were measured with a Modified Lowry Protein Assay Kit (Pierce, 
Rockford, IL). The kit simplifies Lowry’s (1951) method. One prepared “Lowry” 
reagent and 1 N Folin-Ciocalteau regent were added to 0.1 g wet sand. Protein 
complexed with the copper in the Lowry reagent to form an indigo blue that was read 
colorimetrically at 750 nm. Absorbances were compared to a bovine serum albumin 
(BSA) calibration curve, and concentrations were reported as micrograms protein as BSA 
per gram dry weight sand.
Biological Activity (CO2 Respiration)
Biological activity in the schmutzdecke was determined by measuring CO2 
production by microorganisms on a known mass of sand incubated 24 hours at 25°C. For 
the temperature dependence study (Section 3.1.2), samples were incubated at the influent 
water temperature, either 8°C or 24°C. The total CO2 released was measured on a Licor 
6252 CO2 analyzer and compared to a standard curve of pure CO2 . Respiration could 
then be normalized to CO2 released per gram dry weight sand per day.
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3.3.3. Counting Protists
Both unpreserved live samples and fixed, filtered, and stained protists dislodged 
from sand or schmutzdecke samples by shaking were counted using the Nikon Optiphot 
microscope. For live counting, samples were taken from random locations within the 
schmutzdecke of a sand filter column using a 3 mm diameter plastic straw to a depth of 5 
mm. The mass of the samples was determined before they were diluted with water.
i
Forty microliters of diluted sample were placed on a slide under a 25 mm coverslip. 
Slides were observed at 400x magnification, and protists were counted and grouped into 
four categories: flagellates, amoebae, attached ciliates, and unattached ciliates.
Other samples were quantified by fixing protists and staining with primuline, a 
yellow dye that causes eukaryotes to fluoresce under a mercury lamp, according to the 
method in Hines (1998). For this enumeration method, samples were taken with a sterile 
5 mL pipette tip with the tip cut off, to produce a cylindrical coring device 0.9 mm in 
diameter. A micropipette was used to provide a small amount of suction to the end of the 
tip. The tip was pushed approximately 1 cm into the schmutzdecke and underlying sand. 
The sample slid slightly out of the tip, such that the top 5 mm of the filter were collected. 
Samples were placed in sterile Whirl-pak bags (Nasco, Fort Atkinson, WI) in 25 mL of 
pH 7 phosphate buffer prepared according to Sinclair and Ghiorse (1987) -  0.3 g 
KH2PO4  and 0.7 g K2HPO4  in 1 L. The bag was shaken gently for 30 seconds and the 
buffer decanted into a second Whirl-pak bag. 10 mL additional buffer were added to the 
sand and shaken another 30 seconds and decanted into the second bag before a second 10 
mL were added, shaken and decanted to produce 45 mL total phosphate buffer in the
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second bag containing dislodged protists. One mL of this buffer was transferred to a 
sterile centrifuge tube containing 2 mL buffer. This dilution was fixed with 0.3 mL of a 
10% glutaraldehyde /10% cacodylic acid fixative and filtered through 0.8 micron filters, 
which were buffered with Tris-HCl and stained 15 minutes with primuline.
Primuline-Stained 
Protist ~7 pm diameter
Figure 3-6. A primuline-stained protist extracted from a filter schmutzdecke by 
washing with phosphate buffer.
3.4. Quality Control / Quality Assurance
Quality Control (QC) procedures were developed for each analysis to ensure the 
reliability of data. If a QC check was unsatisfactory, sample analysis was discontinued 
until the problem was identified and corrected. A written record of QC measures, any 
problems identified, and actions taken in response was kept in lab books along with raw 
data.
3.4.1. Laboratory Method Quality Control Measures
The QC procedures for laboratory methods are outlined in Table 3-7. Sample 
collection and preservation procedures are outlined in Table 3-8. More detail on QC 
measures for specific methods are provided in the SOP for each method in Appendix B.
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Table 3-7. Quality control measures for analytical methods.




F-amp E. coli 
Enumeration with 
IDEXX
a • Positive and negative 
controls
• 1 MPN/ 100 mL
GFP E. coli 
Enumeration by 
Direct Counts
c • Positive and negative 
controls
• Statistical check of 
variability between fields 
of view counted




b • Statistical check of 






b • Statistical check of 
variability between fields 
of view counted




c • 6  standard calibration 
curve
• Continuing calibration 
blanks read after every 1 0  
samples
• Clean sand blanks
• 1 nmol PO4 / gram 
dry weight
Carbohydrate b • 5 standard calibration 
curve
• Continuing calibration 
blanks read after every 1 0  
samples
• Clean sand blanks
• 1 pg as carbon / 
gram dry weight
Protein b • 5 standard calibration 
curve
• Continuing calibration 
blanks read after every 1 0  
samples
• Clean sand blanks
• 2 pg as BSA / 
gram dry weight
CO2 Respiration b • 5 standard calibration 
curve
• Not determined
a During each sampling event, at least one sample was analyzed in duplicate to assess 
method variability.
b All samples were analyzed at least in duplicate and occasionally in triplicate.
0 All samples were analyzed in triplicate.
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Table 3-8. Summary of preservation, containers, and holding times.
M icrobial A nalyses M in. Volum e Preservation C ontainer Type* H olding Tim e
E. coli 100 mL Refrigerate P 0-24 hrs.
Protists 100 mL Refrigerate P 0 - 6  hrs.
O perational M in. V olum e Preservation C ontainer Type H olding Time
Flow Rate N /A N /A Graduated cylinder N/A
W ater Q uality M in. V olum e Preservation C ontainer Type H olding Tim e
pH 100 mL N /A P immediate
Temperature 100 mL N /A N /A immediate
Turbidity 100 mL N /A P immediate
Conductivity 100 mL N /A P immediate
D issolved Oxygen 100 mL N/A P immediate
Alkalinity 200 mL N /A P immediate
Color 200 mL N/A P immediate
TOC 250 mL H3 PO4 P o r G 14 days
Sand and 
Schm utzdecke
M in. Volum e Preservation C ontainer Type H olding Tim e
Biomass
(Phospholipids)




5 g Refrigerate G
0-24 hrs.
Polysaccharides 1 g Refrigerate G 0-24 hrs.
Proteins U  . _ Refrigerate G 0-24 hrs.
a P = Plastic (HDPE), G = Glass 
N/A = not applicable
3.4.2. Field E. coli Quality Control Measures
During an E. coli challenge, two uncertainties needed to be resolved in order to 
assure confidence in the resulting data. First, the amount of time necessary for the 
challenge solution to travel through the influent tubing, filter and effluent tubing needed 
to be confirmed. Second, losses of E. coli by attachment to the filter apparatus or tubing 
needed to be identified.
During an E. coli challenge, the effluent E. coli concentration would slowly 
increase until reaching steady state. The difference between the influent concentration 
and the steady state effluent concentration was converted to the log removal of interest.
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In order to determine the delay time between the start of a challenge and the time steady 
state was achieved, a challenge was conducted, during which an effluent sample was 
taken after every bed volume up to five bed volumes. Figure 3-7 clearly shows how 
steady state was reached before 1 bed volume of challenge solution had been introduced. 
As a conservative measure and for the sake of consistency, all subsequent effluent 





Filter T hroughput (Bed Volumes)
Figure 3-7. E. coli removal over time in a lab-scale experimental sand filter during
continuous E. coli challenge at a concentration of 1.33 x 105 /100 mL. Steady state
is reached before one bed volume (22.5 minutes) has been introduced.
To estimate losses, challenges were performed on a control filter with virgin sand 
with F-amp E. coli and on an empty control column using GFP-labeled E. coli. Virgin 
sand controls were performed in conjunction with both the first screening study and the 
protist ripening time study (Section 3.1.4). E. coli log removal for the four virgin filters 
from the ripening study (Filters 1, 3, 5, 7) are shown in Table 3-9. During the ripening
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time study, Filter 7 was ripened for only 30 minutes to allow fines to settle. It 
demonstrated E. coli removal of 0.16 log. None of these removals was significantly 
different than 0.0 log at the 95% confidence level.
Table 3-9. E. coli removal in control columns with filter sand during screening 
study.
Filter # Size HLR (m/h) Biomass EBCT (min) Log Removal
1 large 0 . 2 Virgin 15 -0.139
3 large 0 . 6 Virgin 60 -0.062
5 small 0 . 2 Virgin 60 -0.105
7 small 0 . 6 Virgin 15 -0 . 0 1 1
During the GFP II: Time Series study (Section 3.1.4), a control was run 
concurrently on a column filled with water to the level of the sand in the other columns. 
This control column exhibited a log removal of 1.06 (8.041 x 107 counts / mL in the 
influent vs. 6.954 counts / mL in the effluent). One possible explanation for this 
significant removal is that mixing may have occurred in the column. If the water in the 
column was not completely replaced by the challenge water, then dilution lowered the 
concentration in addition to adsorption to the apparatus. The filter porosity was 40%, so 
the empty control column contained 2.5 times as much water as the filters.
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CHAPTER 4
RESULTS AND DISCUSSION
The specific objectives of this research are reproduced here to aid the reader in 
understanding the results and discussion presented here:
1. Ranking the relative importance of various media characteristics and 
operational conditions on biofiltration removals of Escherichia coli bacteria.
2. Assessing the effect of a sudden removal of the schmutzdecke on pathogen 
removal in the event of scouring or cleaning and a filter’s ability to recover 
from such an event as a function of temperature.
3. Assessing removal mechanisms associated with the schmutzdecke biofilm. 
Specifically, determining whether the extracellular polymeric substances 
(EPS) excreted by the schmutzdecke biofilm enhance the “stickiness” of filter 
media.
4. Estimating the potential influence of protistan predation as a pathogen 
removal mechanism.
Usually two or more experiments were designed to focus on different aspects of 
each objective. Results from the separate experiments were also compared with one 
another or combined in analyses that developed a broad characterization of the biological 
state of the schmutzdecke under varying operational conditions. Comparisons were also
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made between the condition of the schmutzdecke biofilm or protistan population, and the 
filters’ bacterial removal capacity.
4.1. Objective 1: Rank Operational and Design Parameters
After a review of the literature on slow sand filtration, four operational and design 
factors were identified as being both of likely importance and under the control of 
designers or operators:
1. Sand grain size (Size)
2. Hydraulic loading rate (HLR)
3. Starting biomass level (Biomass), and
4. Empty bed contact time (EBCT).
These factors were systematically evaluated to rank their relative importance, and the 
importance of their interactions, on influencing bacterial removal. First, a screening 
fractional factorial experimental design was used to determine and rank the most 
important variables. Then, a more detailed study focused on the two most influential 
variables -  grain size and empty bed contact time -  by investigating the impact of 
adjusting a filter’s bed depth to media-diameter (L/d) ratio. Filter bed depth, L, is related 
to EBCT (or residence time) and HLR according to the equation, L = EBCT x HLR.
4.1.1. Screening Study
A fractional factorial design was applied to the screening study. Eight 
combinations of the four factors -  size, HLR, biomass, and EBCT -  were selected. 
Columns were ripened for two weeks, challenged, and then scraped. They were
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challenged a second time 24 hours after scraping. This sequence was repeated twice, 
once in May 2005 and again in April 2006 as a verification study with similar raw water 
quality. The eight arrangements and the log removal results from all four challenges are 
presented in Table 4-1 and Figure 4-1.
Table 4-1. Column arrangements and results for fractional factorial screening study 
of E. coli removal in the schmutzdecke.
E. coli Log Removal
Experi­ Col HLR EBCT 95% Confidence Intervals
ment ID Size m/h Biomass min.2 Ripened Scraped
1 1 H- 0 .2 Virgin 15/7.5 0 .2 - 0.9 0 .1 - 0 .6
1 2 Lg. 0 .2 Acclimated 60/52.5 1 .6 - 2 .2 0.5 - 1 .2
1 3 Lg. 0 .6 Virgin 60/52.5 1.5 - 2 .1 0.9 - 1.7
1 4 Lg- 0 .6 Acclimated 15/7.5 1.1 - 1 .8 0 .1 - 0 .6
1 5 Sm. 0 .2 Virgin 60/52.5 1.9 - 2.5 0.5 - 1 .2
1 6 Sm. 0 .2 Acclimated 15/7.5 1 .0 - 1.7 0 .1 - 0 .6
1 7 Sm. 0 .6 Virgin 15/7.5 1 .6 - 2 .2 0.3 - 0 .8
1 8 Sm. 0 .6 Acclimated 60/52.5 1.7 - 2.3 0.5 - 2 .1
2 1 Lg. 0 .2 Virgin 15/7.5 0 .8 - 1 .2 0 .2 - 0.7
2 2 Lg- 0 .2 Acclimated 60/52.5 1 .0 1.5 0.9 - 1.3
2 3 Lg- 0 .6 Virgin 60/52.5 1.1 - 1 .6 0 .8 - 1 .2
2 4 Lg. 0 .6 Acclimated 15/7.5 0 .8 - 1 .2 0.5 - 0.9
2 5 Sm. 0 .2 Virgin 60/52.5 2 .1 - 2.5 1.4 - 1.9
2 6 Sm. 0 .2 Acclimated 15/7.5 1 .2 - 1.7 0 .1 - 0 .6
2 7 Sm. 0 .6 Virgin 15/7.5 1.3 - 1 .8 0.7 - 1.1
2 8 Sm. 0 .6 Acclimated 60/52.5 2.3 - 2 .8 1.5 - 2 .2
T he first exp erim en t w a s  perform ed in M ay 2 0 0 5 , and th e secon d  w a s perform ed in A pril 2 0 0 6  
as a ver ifica tion  stud y under sim ilar raw w ater characteristics.
2 T h e first va lu e  represents the E B C T  b efore scraping. A fter scraping, E B C T  w a s reduced by 7.5  
m inu tes in each  co lu m n  b eca u se  a depth o f  sand eq u ivalen t to  7 .5  m inu tes o f  E B C T  w as scraped.
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Column # ® Ripened ■ S craped
Figure 4-1. E. coli log removal for filter columns after 2 weeks ripening and after 
scraping. The filters were constructed according to the experimental design 
presented in Chapter 3.
Some significant results are made apparent by Figure 4-1. First, in all cases the 
average removal was greater before scraping then after, and in almost all cases, the 
difference between the means was statistically significant (p < 0.001). Second, columns 
5 and 8  removed the most E. coli. These columns had the longer EBCT (60 minutes) and 
small sand grains. Third, Column 1 demonstrated by far the worst performance; it had 
the shorter EBCT (15 minutes) and large sand grains. The statistical analysis that follows 
illuminates other important results and interesting observations.
An analysis of variance (ANOVA) was performed following the Taguchi method 
(Ross, 1996). The two experiment dates provided duplication, which allowed an error term 
to be calculated. It was assumed that the two trials could be used as replicates because
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seasonal variations in raw water quality were reduced by conducting both experiments in the 
Spring. To test this hypothesis, models were fit using a blocking term that accounted for 
systematic errors caused by performing experiments on two different dates. In the case of the 
ripened filters, the blocking term was not statistically significant (H < 1.0, see Appendix D), 
so it was concluded that the two experiments could be considered replicates. For the scraped 
filters, however, the blocking term was statistically significant, so it was used to correct for 
the average, systematic difference between the two dates.
The percent contribution for each factor and interaction was calculated as the ratio of 
the sum of squares of that factor or interaction to the total sum of squares. Factors or 
interactions contributing more than one percent are shown on Table 4-2 for the ripened 
columns and Table 4-3 for the scraped columns. Clearly, EBCT and media size were most 
important in ripened columns, while EBCT, media size, and HLR were all significant in 
scraped filters with EBCT by far the most significant. An analysis using the “Fit Model” 
platform of the JMP statistical software (SAS Institute, 2003) corroborated these findings 
(See Appendix D).
Table 4-2. Most significant factors and interactions in bacterial removal in ripened 








EBCT 1 1.623 18.940** 39.4
Size 1 1.474 17.195** 35.8
HLR 1 0.171 1.991 4.1
HLR x EBCT 1 0.144 1.677 3.5
Error 8 0.683 16.6
“x” indicates interaction
**Significant at the 95% confidence level.
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Table 4-3. Most significant factors and interactions in bacterial removal in scraped








EBCT 1 2.505 40.306** 63.5
HLR 1 0.315 5.073* 8 . 0
Size 1 0.264 4.255* 6.7
Size x EBCT 0.138 2.214 3.5
Block1 1 0.178 2.867 4.5
Size x HLR 1 0.082 1.316 2 .1
Error 7 0.435 1 1 . 0
“x” indicates interaction
**Significant at the 95% confidence level.
* Significant at the 90% confidence level.
1 The Block term takes into account average, systematic variation caused by conducting - 
the replicate experiments on two different dates.
The optimum settings of the factors for maximizing E. coli removal were 
determined using JMP’s prediction profiler. The JMP output for optimization, a 
desirability profile plot, is also provided in Appendix D. For ripened filters, the smaller 
sand and the longer EBCT were most desirable, which was anticipated because a longer 
EBCT allows more time for removal mechanisms such as adsorption or predation to act, 
and smaller media offers more surface area for attachment. Bellamy (1985b) reached the 
same conclusion using 1 -foot diameter pilot scale filters, which suggests that the 
laboratory-scale filters used for the current research perform similarly to larger filters. It 
should be noted, however, that the 4.8 cm diameter lab-scale columns used in this thesis 
research give a conservative estimate of removal because their larger circumference to 
surface area ratio allows more opportunity for short-circuiting on the lab-scale column 
walls; roughening the glass walls would have helped prevent short-circuiting.
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For scraped filters, the optimal settings were smaller sand and longer EBCT as for 
the ripened case, but also the faster hydraulic loading rate of 0.6 m/h. The improved 
removal at higher loading rates is an unexpected result because it would be assumed that 
slower flow rates should theoretically allow more time for E. coli to attach to the sand or 
be consumed by predators. In addition, the result of a higher hydraulic loading rate 
coincided with a higher empty bed contact time. A long EBCT and fast HLR result in a 
deeper filter being required as shown by the relationship L -  HLR * EBCT, where L is 
the filter depth. So, in fact, the result further demonstrates the need for a schmutzdecke 
because a deeper bed is needed when the schmutzdecke is not available.
The conclusion that higher HLRs improve removal is also favorable in practice 
because it implies operators can run scraped filters at a faster loading rate to ripen the 
filters more quickly without compromising removal efficiency. In fact, Thames Water in 
London, which utilizes the world’s largest slow sand filtration facility, relies on HLRs of
0.45 m/h, which is much greater than that typically recommended (AWWARF, 1991). 
Their accelerated HLR has the added benefit of preventing dissolved oxygen depletion 
and shortening ripening times. (Steele et al., 2006)
An error contribution of 15 percent or less indicates that all major factors were 
included in the experiment and that experimental error was satisfactorily controlled (Ross, 
1996). For ripened error contributed 16.6 percent of all variation; for scraped filters, error 
contributed 11 percent. Both results were considered acceptable.
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Difference in Removal Between Ripened and Scraped Filters
In addition to ranking operational and design parameters, a second research 
objective of the screening study was to assess the impact of scraping on E. coli removal. 
A two-sample t-test for matched pairs was used to analyze data from ripened and scraped 
filters from both blocks. The p-value was <0.0001, indicating very strong evidence that 
filters remove less E. coli after scraping than ripened filters before scraping. The strong 
impact of scraping in reducing removal efficiency was expected.
4.1.2. L/d vs. EBCT Study
A follow-up study aimed to narrow the scope of the first study by focusing on the 
impact of EBCT and L/d, the ratio of the depth of the filter bed to the effective diameter 
of the media, on E. coli removal by SSF. L/d was chosen as an experimental factor 
because it incorporates both EBCT and grain size and because it has been used as a 
measure to predict filter performance in applications other than SSF. For example, a 
water treatment textbook (MWH, 2005) indicates that L/d is used by some designers as a 
rule of thumb for designing rapid rate filters. Filter media surface area is not linearly 
dependent on grain size, but L/d is a rough measure of filter surface area applicable to 
comparing filters of the same media.
E. coli log removal is plotted for each combination of design factors on Figure 4-
2. These results indicate that the L/d ratio did not significantly influence E. coli removal 
to the same extent as EBCT. In addition, above a certain EBCT (20 minutes for this 
study), there was no significantly greater E. coli removal, which suggests the effect of 
depth filtration on bacteria removal in biological filters is minimal compared to removal
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mechanisms at the interface between the water and filter medium. At first, this result 
appears to contradict the conclusion of the screening study that EBCT was the most 
important operational parameter. Further examination reveals, however, that E. coli 
removal appears to plateau as EBCT increases above a value of 25 -  30 minutes. The 
EBCT of 15 minutes used in the screening study was less than the beginning of this 
plateau. In other words, if the screening study had used an EBCT of 25 minutes or 
greater, the difference in removal between the EBCTs of 25 and 60 minutes would most 
likely not have been as significant as that between 15 and 60 minutes.
The occurrence of such a plateau in a graph of E. coli removal against increase 
EBCT further suggests the importance of the schmutzdecke. Higher EBCTs correspond 
to regions of the filter below the schmutzdecke; once below the schmutzdecke, adding 
filter depth (increasing EBCT) does not proportionately improve removal, indicating that 
depth filtration inadequately explains E. coli removal. Cake filtration is a more viable 
physical/chemical model and biological removal mechanisms likely contribute 
substantially.
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Figure 4-2. E. coli removal with varied filter length (L) to sand media effective size 
(d), L/d, ratios and empty bed contact times, EBCT.
4.2. Objective 2: Assess Effect of Schmutzdecke Removal and Recovery
4.2.1. Distribution of Captured E. coli
Previous research summarized in the Manual o f Design for Slow Sand Filtration 
(AWWARF, 1991) has demonstrated that 1 - 3  orders of magnitude more bacteria are 
removed in the schmutzdecke than in the rest of the filter. The distribution of captured E. 
coli with depth should follow the observed removal trend with depth. As such, it was
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expected that removing captured E. coli from various depths in a filter with a surfactant 
would yield much higher numbers in the schmutzdecke than in deeper sections. E. coli 
expressing the gene for the green fluorescent protein (GFP) were used as challenge 
organisms so that they could be enumerated independently of naturally occurring 
bacteria. In addition, the use of labeled E. coli allowed for a mass balance to be 
performed. For thematic consistency, the distribution is presented here, and the mass 
balance is presented in Section 4.4.2.
The distribution of recovered GFP E. coli confirmed the hypothesis that the 
majority of challenge bacteria were entrapped in the schmutzdecke as shown graphically 
by Figure 4-3 and listed in Table 4-4. Filters A and B were duplicate filters 22.5 cm deep 
operated identically at a HLR of 0.6 m/h and ripened 15 days from May 23 -  June 6 , 
2006.
Table 4-4. Distribution of GFP challenge E. coli recovered from two duplicate 
filters. Standard deviations were derived from triplicate extractions at each depth.
Filter A FilterB
Depth (cm)








0.5 1.246E+07 1.943E+06 7.471E+06 2.715E+06
2.50 9.616E+06 2.135E+06 1.075E+07 5.000E+06
4.5 6.223E+06 5.087E+05 3.957E+06 4.640E+05
6.5 7.884E+06 7.794E+05
10.5 1.502E+06 4.632E+05
20.5 6.243E+05 5.534E+05 6.560E+05 1.366E+05
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Figure 4-3. Distribution of GFP challenge E. coli recovered from two duplicate 
filters. Standard deviations were determined from triplicate extractions at each 
depth from each filter, and are displayed as error bars on the plot. Bars are plotted 
at the midpoint of the range of sampling depth.
In addition to the over-arching conclusion that the schmutzdecke is responsible 
for most E. coli removal, two major trends can be observed from these results:
1. A large number of bacteria reached and attached to the lower region of the 22.5 
cm test filter, and a large number also escaped the filter without being removed 
(1.3 x 106 / mL for Filter A and 1.6  x 106 / mL for Filter B, respectively). Such 
incomplete removal reinforces the recommendation of standards such as the IRC
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(1989) to maintain a minimum bed depth usually >50 cm during normal 
operation.
2. In both filters, the concentration of challenge bacteria attached to the slime or 
cake layer (L = 0 -  1 cm) was not significantly different from the concentration in 
the biologically active sand region (L = 2 - 3  cm) below the slime layer. This 
result contradicts the hypothesis put forth, for example, by Foppen et al. (2005) 
that straining in the slime layer is primarily responsible for E. coli removal. It 
also reinforces the need to define the schmutzdecke, to include the biologically 
active sand region below the surface slime or cake layer, which contains a 
significant amount of particulate (organic and inorganic) deposition in addition to 
a biofilm.
4.2.2. Schmutzdecke Scouring and Recovery Simulation
A scouring simulation was conducted with the goals of further quantifying 
pathogen removal with depth in a biological filter and also re-evaluating the ability of a 
filter to recover from a sudden loss of the schmutzdecke, for example riverbed scouring 
or slow sand filter scraping. The screening experiment had indicated that scraping 
significantly reduced E. coli removal. The arrangement of columns for the scouring 
experiments is reproduced here as Figure 4-4 and Figure 4-5 to aid discussion. Filter 
columns ripened in series for two weeks before being challenged with E. coli. The 
columns were then reconnected in parallel to ripen for two weeks before a second 
challenge. Selected results for the series- and parallel-ripened columns are displayed in 
Table 4-5.
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1 WATER ABOVE SAND
9” SAND 
fTYP.)
Figure 4-4. Schematic of filter arrangement for series operation.
A B C D
1" WATER ABOVE SAND




Figure 4-5. Schematic of filter arrangement for parallel operation.
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Ripening the filter sand columns in series indicated that the majority of total 
coliform removals and biomass content (as quantified by phospholipids) was again 
associated with the first column (Col A), which contained the schmutzdecke.
After two weeks of additional ripening in parallel, the original amount of biomass 
on the sand of a filter prior to ripening did not appear to have any influence on the filter’s 
ability to remove coliforms. Total coliform removal in Column A, the first column of the 
series, which, in the first two weeks, had ripened significantly compared to the following 
three columns, was equivalent to removal in the later three columns. This result 
suggested that both a slow sand filter can recover from a scraping and a riverbank can 
recover from scouring in two weeks or less under conditions similar to those of the raw 
water used in this study, and this recovery is independent of initial filter biomass levels as 
quantified by phospholipids.
Table 4-5. Relationship between total coliform removal and biomass (as 
phospholipid) for various filter ripening conditions, July 2005.
Challenge in Parallel 
After 2 weeks Ripening in
Series
Challenge in Parallel After 
















(nmol PO4 / 
gdw)
Col A (0 -  22.5 cm) 1.3 36±2 1 .6 42±4
Col B (2 2 .5 -45  cm) 0 . 8 14±7 1 .6 29±2
Col C (45 -  67.5 cm) 0 . 2 9±1 1.4 31±2
Col D (67.5 -  90 cm) 0.3 11±4 1 .6 39±2
Full Train of 4 Challenged 
in Series (90 cm total) 2 .1
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4.2.3. Scouring Simulation with Temperature Influence
In light of the result of the first scouring simulation that two weeks of ripening 
was sufficient to ripen a filter regardless of its initial biological state, a second scouring 
simulation was conducted to evaluate the influence of temperature on filter ripening. An 
initial ripening time of two weeks with columns in series was used, but the ripening 
period with columns in parallel was shortened to four days. In addition, the fours days of 
parallel ripening were conducted at two different temperatures: 8 and 24 degrees Celcius.
The study generated the results summarized in Table 4-6 and Figure 4-6. These 
results can be summarized by the following three statements:
1. E. coli removals in the first column (Column A) -  meant to simulate the top 
of a full-scale filter -  and the remaining columns (Columns B and C) were not 
significantly different even though the first column received three additional 
weeks of ripening time at the top of the filter. This result is in agreement with 
that of the first scouring simulation (Section 4.2.2), but in this second 
simulation, Columns B and C were allowed to ripen only 4 days in parallel as 
opposed to 14 days for the first simulation.
2. Warm (24°C) biological columns outperformed colder (8°C) biological 
columns with respect to E. coli removal. This result is in agreement with 
previous research that had shown increasing removal of viruses (Poynter and 
Slade 1977) and total coliforms (Bellamy et al. 1985b) in slow sand filters as 
raw water temperature increased. Pyper (1985) observed the worst removal of 
Giardia cysts when the temperature was below 1°C.
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3. Biomass levels as quantified by phospholipids and EPS (carbohydrates and
proteins) were not significantly different between respective cold and warm
biological columns under the conditions of this study. The activity of the
biological columns, however, as quantified by CO2 respiration, was higher in
the warmer columns.
B io m ass (a s  P hospho lip ids), nm ol P 0 4 / gdw  
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A  0B io m ass (8 C C olum ns)
Figure 4-6. Correlation between schmutzdecke biofilm and E. coli removal in sand 
columns at different temperatures. Influent concentration was 21000 ± 6000 
MPN/100 mL to cold columns (8°C) and 19000 ± 3000 MPN/100 mL to warm 
columns (24°C). The vertical axis shows the effluent concentration, so lower values 
indicate better removal.
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Table 4-6. Temperature influence on log removal of E. coli and biomass distribution 





(nmol P O 4  
/gdw)
Carbohydrate 
(fig  as glucose / 
gdw)
Protein 
(fig  as BSA* / 
gdw)
Activity 
(fig  C respired / 
gdw / day)
Cold 8 degrees Celsius)
Col A (0 -  
22.5 cm) 1.7 45±1 1 6 0 0 ± 2 0 0 1 2 4 0 0 ± 8 0 0 32± 3
Col B (22.5 -  
45 cm) 1.7 2 3 ± 4 9 0 0 ± 4 0 8 8 0 0 ± 5 0 0 27± 3
Col C (45 -  
67.5 cm) 1 . 6 19±1 6 2 0 ± 4 0 8 9 0 0 ± 6 0 0 22± 3
Warm 24 degrees Celsius)
Col A (0 -  
22.5 cm) 2.5 46± 1 1 7 0 0 ± 1 0 0 1 1 3 0 0 ± 5 0 0 4 8 ± 5
Col B (22.5- 
45 cm) 2.3 18±1 1 1 0 0 ± 4 0 0 5 7 0 0 ± 4 0 0 3 7 ± 4
Col C (45 -  
67.5 cm) 2 . 2 17±1 6 2 0 ± 9 0 7 0 0 0 ± 3 0 0 26± 3
BSA = Bovine Serum Albumin protein standard contained in the Modified Lowry Total 
Protein test kit (Pierce, Rockford, IL) used for this research.
4.3. Objective 3: Assess Bacterial Removal Mechanisms Associated with the
Schmutzdecke Biofilm
As explained in Chapter 2, the diverse environment of the schmutzdecke provides 
many possible mechanisms for enhanced bacteria removal. In light of the previous 
results (Section 4.2.3), that temperature affects E. coli removals, it was decided that the 
extent of schmutzdecke development needed to be assessed. First, measures of biomass, 
biological activity, and extracellular polymeric substance (EPS) mass were compared to 
E. coli removal. Next, the possibility of exotoxin release by antagonistic organisms in 
the schmutzdecke biofilm was investigated. Additionally, it was hypothesized that the 
biofilm supported a large population of protists, some of which either intercepted bacteria
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in the pore water or grazed in the attached biofilm, clearing adsorption sites for incoming 
bacteria. Each of the removal mechanisms were evaluated in turn.
4.3.1. Correlating Schmutzdecke Biological Characteristics to E. coli Removal
The first step in assessing the role of the biofilm at enhancing bacterial removal in 
the schmutzdecke was to correlate various indicators of the biofilm’s development to E. 
coli removal. Biological activity in the schmutzdecke, as measured by CO2 production, 
correlated well to E. coli log removal (Figure 4-7). Although a linear correlation did not 
exist between phospholipids and E. coli log removal, an “exponential rise to max” non­
linear regression of the form y = a(l -  e'bx) fit the phospholipid data better (Figure 4-8). 
Clearly, a biological removal mechanism contributed to E. coli removal, but the nature of 
the action exerted by the biomass was not apparent, so experiments were designed to 
examine the possibility of toxic excretions (Section 4-3-2) and protistan predation 
(Section 4.3.3).
The mass of EPS in the schmutzdecke as measured by carbohydrates and proteins 
did not show a significant correlation to E. coli removals (Figure 4-9). The absence of a 
correlation between EPS and E. coli removal supports the claims of Weber-Shirk and 
Dick (1997a) that the development of schmutzdecke biofilm does not improve E. coli 
removal. Vandevivere and Baveye (1992) also found that contaminant removal and 
hydraulic conductivity did not decrease when a biofilm developed because much of the 
pore space was not filled. However, they investigated dissolved, not particulate, 
contaminants. Therefore, while it is true that the schmutzdecke biofilm does not constrict 
all pore spaces, it is also premature to assert that the biofilm plays no role in increasing
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adsorption. The tests used in the present study measured total biomass and the total mass 
of EPS in the entire schmutzdecke. Mote precise tests and a better spatial distribution of 
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Figure 4-7. Linear correlation between respiration in the top inch of sand columns 
and total log E. coli removal; y = 0.4923 + 0.0430x; r2 = 0.8946.
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Figure 4-8. Exponential rise to max fit for biomass measured as phospholipid in 
top inch of sand columns and total log E. coli removal; y = 2.0102(1 -  e'0'06 3x); r2 
0.9377.
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Figure 4-9. Linear correlation between total log E. coli removal and EPS measured 
as total carbohydrate and total protein (normalized to units “as Carbon”)in the top 
inch of sand columns; y = 0.7367 + 0.001088x; r2 = 0.4073.
4.3.2. Toxic Effects of Schmutzdecke Extract
Another hypothesized role of the biofilm was the release of toxic substances into 
the schmutzdecke. An experiment with microbe-free extracts from the schmutzdecke of 
filter columns was used to test this hypothesis. As described in Chapter 3, microbe-free 
extracts were prepared by centrifuging the schmutzdecke samples taken from seven filter 
columns that had operated between 1 hour and 30 days. Duplicate aliquots of the extract
•  •
i------------- 1-------------1-------------1-------------1------------- 1------------- r
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were spiked with E. coli and shaken for 1.5 hours, the length of time of most challenges
performed during this research. The results are shown in Table 4-7.
Table 4-7. Initial and final E. coli concentrations after spiking microbe-free 
schmutzdecke extracts from seven filter columns that had operated for run times 

















Coll 30 1 2.0E+05 2.0E+05 0.0E+00 0.00
Coll 30 2 1.6E+05 1.7E+05 1.8E+04 0.05
Col2 14 1 1.1E+05 1.7E+05 6.1E+04 0.19
Col2 14 2 1.7E+05 1.6E+05 -1.8E+04 -0.05
Col3 14 1 2.0E+05 1.4E+05 -5.7E+04 -0.15
Col3 14 2 1.4E+05 1.6E+05 1.4E+04 0.04
Col4 7 1 2.0E+05 1.3E+05 -6.9E+04 -0.18
Col4 7 2 2.4E+05 1.6E+05 -8.7E+04 -0.19
Col5 2 1 1.4E+05 2.0E+05 5.7E+04 0.15
Col5 2 2 2.4E+05 1.4E+05 -1.0E+05 -0.23
Col6 1 1 1.7E+05 1.4E+05 -3.2E+04 -0.09
Col6 1 2 1.6E+05 1.3E+05 -2.5E+04 -0.08
Col7 0 1 1.2E+05 1.6E+05 3.5E+04 0.11








2 2.0E+05 1.3E+05 -6.9E+04 -0.18
The number of E. coli spiked into each extract did not decrease significantly 
compared to the control. Column 4 and the RO control showed the largest mean decrease 
in concentration (0.2 log), but that change was not significantly different (p > 0.05). The 
difference between E. coli concentrations at t = 0 and t = 1.5 hours was used for one-way 
analysis of variance (ANOVA) with the JMP statistical software. The P-value of 0.6538 
for the one-way analysis indicates no significant difference in the mean E. coli decreases
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between columns, implying the schmutzdecke extract was not responsible for E. coli 
death.
Figure 4-10 demonstrates this lack of significance graphically; triangles indicate 
95% confidence intervals for each column based on duplicate 1.5 hour spiking 
challenges. Overlapping triangles represent a case where no significant difference exists. 
Clearly, substances in the schmutzdecke extracts did not cause a significant difference in 
E. coli die-off during the 1.5 hour challenge. The author is aware of no such systematic 
examination of toxicity in the schmutzdecke of biological filters.
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Figure 4-10. Oneway analysis of E. coli removal for schmutzdecke extracts from 
columns that had been ripening for differing lengths of time. Triangles indicate 
95% confidence intervals for each column based on two replicates; overlapping 
signifies a lack of significance.
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4.3.3. Protist Enumeration
Finally, the hypothesis that the schmutzdecke provided an environment for a large 
number of protists -  and especially phagocytic heterotrophs -  was tested. Protists were 
counted in live schmutzdecke samples from a filter column that had been filtering raw 
water for 61 days from October 7 to December 7, 2005. Flagellates, amoebae, and 
ciliates were counted. Flagellates were at least one order of magnitude more abundant 
than amoebae and ciliates. The population of flagellates in the top 5 mm of the 
schmutzdecke was calculated to be 8 -  4 x 10 per cm of filter cross sectional area. A 
first estimate of consumption rate was calculated using the size specific uptake rate 
reported by Kinner and coworkers (1998) of 0.77 bacteria / flagellate / hour, which was 
lower than other uptake rates reported in the literature and specific to a size range of 
bacteria (0.8 -1 .5  pm), which includes E. coli. Multiplying the concentration by the
c *y
uptake rate results in a potential bacterial consumption rate of 7 -  3 x 10 per cm filter 
cross section / hour.
E. coli were spiked into the influent water at a concentration of 2100 ± 200 MPN / 
100 mL, and 61 ± 1 MPN / 100 mL were recovered in the effluent. At a flow rate of 18 
mL / min onto a column with 4.8 cm diameter, the corresponding removal rate was 1.3 x
102 bacteria / cm2 / hour, which is four orders of magnitude less than the potential
(\ 0bacterial consumption rate of 5 ± 2 x 10 per cm / hour.
This calculation was based on many assumptions:
1. The E. coli used to spike the influent water were the only bacteria being 
consumed by flagellates.
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2. All flagellates were feeding continuously.
3. Flagellates occupied the schmutzdecke uniformly in space.
Despite these assumptions, the calculated estimated consumption rate significantly 
exceeded the actual removal rate observed in the filter, and the contribution of other 
protists besides flagellates would have even further increased the potential removal. 
Consequently, an additional series of studies was undertaken to explore the role of 
protists in bacterial removals at the filter interface.
4.4. Objective 4: Estimate Potential Influence of Protistan Predation
The potential importance of protistan predation demonstrated by the above 
calculation inspired a series of follow-up studies that more closely examined the 
abundance of protists in the schmutzdecke and their impact on bacterial removal. First, 
the effect of filter run time on protistan abundance was examined, and the number of 
schmutzdecke protists was compared to E. coli removal. Next, an E. coli mass balance 
with GFP-labeled E. coli was used to differentiate predation as a removal mechanism 
versus straining and adsorption. Finally, two studies examined operational techniques 
specific to slow sand filtration that might influence protistan abundance in the 
schmutzdecke: draining a filter for cleaning and seeding with a protist concentrate to 
enhance bacterial removal efficiency.
4.4.1. Effect of Ripening Time on Protistan Abundance
The first study systematically examined the connection between E. coli removal and 
protistan abundance after various filter run times. Both protist abundance and E. coli 
removal increased with longer run times, and their increases correlated very closely.
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Seven filters were each ripened for different lengths of time as described in Section
3.1.4. Immediately after the E. coli challenge, a pipette tip was used to remove two samples 
of known cross sectional area (0.50 cm ) and depth (0.5 cm) from the schmutzdecke of each 
filter. The protist counting results are summarized in Table 4-8. E. coli removal and the 
associated protistan abundance, depicted in Figure 4-11, showed a strong correlation to one 
another other. Both increased with increased ripening time. E. coli removal was slightly 
lower in these columns than for previous 22.5 cm deep columns with the same ripening times 
but the previous studies had been conducted in the summer (20 -  25 °C), whereas this study 
ran from February 25 to March 28 (1.9 -  5.2°C).
Table 4-8. Ripening times, E. coli log removal, and protist abundance for seven filter 
columns with varying run times. For all filter columns: HLR = 0.3 m/h, EBCT = 45 
minutes, except for Column 3 (see footnote).
Column
ID
Ripening Time E. coli Log 
Removal
Protists / gdw Protists / cm2 Filter Plan 
Area (in top 5 mm)
1 4 weeks 1.2 ±0.2 4 ± 2 x 105 5 ±  1 x 105
2 2 weeks 0.9 ±0.2 2.3 ± 0.5 x 105 2.8 ± 0.5 x 10s
3 2 weeks® 0.7 ± 0.2 3.1 ± 0 .4 x  105 2.4 ± 1.4 x 105
4 1 week 0.3 ± 0.2 5 ± 2 x 104 7.8 ± 1.2 x 104
5 48 hours 0.2 ± 0.2 3.8 ± 0.4 x 104 5.9 ± 1.1 x 104
6 24 hours 0.1 ±0.2 3 ± 1 x 104 5.9 ± 1.1 x 104
7 1 hourb 0.0 ±0.2 2 ±  1 x 104 3 ± 2 x 104
a Column:' had a HLR of 0.6 m/h, twice as fast as the other columns in order to produce
a total throughput equal to that of Column 1.
b Column 7 was allowed to run for 1 hour after packing to allow for settling and flushing 
of fines.
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Figure 4-11. Protistan abundance and E. coli removal in sand columns after various 
ripening times. For all filter columns displayed here: HLR = 0.3 m/h, EBCT = 45 
minutes. Column 3 data has been excluded to maintain uniform loading conditions 
(equal HLR) for all points. Raw water temperature ranged from 2.3 -  5.8 degrees 
Celcius during ripening. Influent E. coli concentration was 1.6 x 105 MPN / 100 mL.
Other researchers (Mauclaire et al., 2005) have observed a similar connection 
between longer ripening times and a higher number of protists at the surface of the filter. 
Interestingly, in the case of their research as well as the present study, biofilm growth in 
the schmutzdecke continued to increase even as the number of protists increased. They 
and others (Kinner et al., 2002) have hypothesized that selective predation strengthens the 
surviving bacterial community by selecting for better adapted organisms and increasing 
available substrate. Therefore, in the schmutzdecke, protists may be indirectly improving
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removal of E. coli by accelerating the development of a biofilm, which itself is 
responsible for straining and improved adsorption.
4.4.2. Impact of Predation as Assessed by GFP-Labeled E. coli Mass Balance
An examination of the mass balance of captured E. coli using data from the 
experiment on the distribution of E. coli in the schmutzdecke (Section 4.2.1) provides 
insight into the potential influence of protistan predation as a removal mechanism. 
Between 86 and 91 percent of all influent challenge E. coli were not recovered either in 
the effluent or by extracting from filter media. Some of the loss could be attributed to 
attachment to the filter apparatus and to incomplete extraction during enumeration in the 
lab. Predation could also account for the remaining gap in the mass balance.
As discussed in Chapter 3, four terms of interest comprise the mass balance of 
challenge GFP E. coli:
In = Out + Sorbed + Losses. (3.1)
To determine the value of the term In, samples were taken from the challenge 
tank every 30 minutes and averaged. The volume of water collected from each filter was 
measured, and the influent volume was assumed to equal this measured effluent volume. 
To determine the value of the term, Out, all effluent from each column was collected as a 
composite sample, which was mixed thoroughly and analyzed in triplicate. The average 
concentration was then multiplied by the volume collected.
To determine the value of the term, Sorbed, an average concentration of E. coli 
per gram dry weight o f filter sand was multiplied by each filter’s dry weight. The 
concentration was estimated as follows:
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• Exponential curves of the form y = ae'bx were fitted to the data points for each 
column.
• The equations of the best fit curves were then integrated over the 22 cm length of 
the filters.
• The result of the integration was then divided by the length of the filter to achieve 
an average concentration, according to the equation
Average off(x) over the interval [a,b\ = — £  / (x)dx . (4.1)
The best fit exponential curves and averages are shown on Figure 4-12, and the 
values used to calculate the mass balance are provided in Table 4-9 and Table 4-10.
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Figure 4-12. Best fit 2-parameter exponential curves used to estimate total number 
of GFP E. coli recovered from two duplicate test filter columns.
Filter A: y = 1.30 x 107 * e ° 1146x, r2 = 0.9836
Filter B: y = 9.87 x 106 * e 01345x, r2 = 0.8965
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Table 4-9. Calculations of In, Out, and Retained terms in mass balance for GFP E. 
coli in two duplicate filters.
Filter Average Tank 
Concentration 
(GFP / mL)
Volume of Challenge 
Water Introduced 
(mL)
Total Number of GFP 
E. coli Introduced, In
A 3.51 x 10' 1170 4.11 x 101U .
B 3.51 x 10' 1180 4.14 x 101U





Total Number of GFP 
E. coli Recovered, Out
A 2.40 x 10b 1170 2.81 x 10*
B 1.46 x 10b 1180 . 1.73 x 10*
Filter Average Concentration 
of Retained GFP E. coli 
(GFP / gram dry 
weight)
Dry Mass of 
Sand in Filter 
(grams)
Total Number of GFP 
E. coli Retained by 
Sand, Retained
A 4.72 x 10b 593.8 2.81 x 10*
B 3.16 x 10b 598.7 1.89 x 10*
Table 4-10. GFP E. coli Accounting: Values indicate the total number of organisms 
from each category summed for the entire challenge.
Term Filter A Filter B Average
In 4.11 x 101U 4.14 x 101U 4.13 x 101U
Out 2.81 x 10* 1.73 x 10* 2.27 x 10*
Retained 2.81 x 10* 1.89 x 10* 2.35 x 10*
Losses 3.55 x 10,u 3.78 x 101U 3.67 x 101U
Clearly, the number of challenge organisms unaccounted for after enumerating 
numbers recovered in the effluent and extracted from the filters is very high (86 percent 
for Filter A and 91 percent for Filter B). This apparent inconsistency may be explained 
by the following scenarios:
1. Challenge E. coli may be attaching to the tubing, fittings, and sidewalls of the 
filter apparatus.
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2. Extraction efficiency from sand may not be complete.
3. E. coli may die during the challenge.
4. Protists may graze E. coli after they have attached to filter grains as a result of 
either adsorption or straining.
5. Protists may intercept and consume E. coli from the pore water during their 
transport through the filter.
Each of these scenarios will now be discussed in turn.
1. Results from a quality control challenge of a blank column are reported in the 
section of Chapter 3 on Quality Control. The control column filled with water only 
produced a log removal of GFP-labeled E. coli of 1.06. As discussed in Chapter 3, the 
reduction in concentration may be due in part to dilution in the water column. Therefore, 
it is difficult to quantify the role of adsorption to the filter apparatus in accounting for lost 
E. coli, but it is highly probable that elements of the filter aside from the filter media and 
associated microorganisms themselves are responsible for some of the unaccounted for E. 
coli.
2. The death of challenge organisms was discussed in Section 4.3.2 on the toxicity 
of the schmutzdecke. In that study, spiked E. coli was stirred for 1.5 hours (equal to the 
challenge duration for this experiment) in various microbe-free schmutzdecke extracts 
and an RO lab water control. The greatest reduction was 0.2, but in some cases the 
number of E. coli increased. Thus, death may account for a small proportion of the 
unaccounted for E. coli, but certainly not all.
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3. Grazing from sand grains by a flagellate was witnessed during live observation 
of schmutzdecke samples using Nomarski interference optics, but its potential influence 
on the recovery of E. coli during a one-hour long challenge was unknown. In light of this 
uncertainty, a separate study was designed utilizing a time series of challenge filters, 
which is presented below (Section 4.4.3).
4. Unfortunately, the proportion of E. coli removal attributable to interception and 
consumption by protists is still unknown. As mentioned above, the removal of challenge 
E. coli by the empty glass column may be due to such predation, but likely is caused 
entirely or in part by adsorption to the filter apparatus.
4.4.3. Monitoring Predation Over Time with a GFP-Labeled E. coli Time Series
Due to the uncertainty in the results of the mass balance (Section 4.4.2), a 
different approach was developed using a series of columns, each challenged 
simultaneously with the same challenge solution. Each column was taken off line at 
different times, and sand was sampled for GFP E. coli extraction. The goal was to 
monitor the distribution and total number of captured E. coli with depth over time. The 
run times and sampling times for each filter are reproduced from Chapter 3 here for 
reference as Table 4-11.
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Table 4-11. Run times and effluent sampling times for filters in GFP-labeled E. coli 
time series study.
Filter # Length of Operation After End of 
E. coli Challenge (hours)
Time Range of Effluent Sampling 
(hours)
1 0 During challenge
2 1 0 - 1
3 2 1 - 2
4 5.5 2 -5 .5
5 22.5 5 .5 -22 .5
The distribution of the GFP-labeled E. coli is shown graphically in Figure 4-13. 
As in the first experiment with GFP-labeled E. coli, significantly more challenge bacteria 
were recovered at the top two sampling locations than at the bottom, in keeping with 
filtration theory. Only one change was observed with time. Almost twice as many E. 
coli were extracted from the top centimeter immediately after the challenge than at any 
time thereafter, indicating that straining was not the primary removal mechanism. If all 
the E. coli recovered from the top centimeter had been strained, it would have remained 
in the top region during the entire 24-hour monitoring period.
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Figure 4-13. Time-dependent distribution of GFP-labeled E. coli extracted from 
sand filters after a challenge of spiked influent raw water lasting three bed volumes.
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An exponential .decay curve was fit to the data from each filter as previously 
described (Section 4.4.2) and are displayed in Figure 4-14. Again, as in Section 4.4.2, the 
average number of extracted GFP per gram dry weight of filter sand was calculated by 
integrating the best fit concentration curves over the length of the filter and dividing by 
the filter length. The average values were then multiplied by the total dry weight of the 
filter to estimate the total number of GFP on the filter sand. Those average and total 
values are given in Table 4-12.
Within the bounds of uncertainty defined by the extraction procedure and 
estimation using best fit curves, the total number of captured GFP did not change 
noticeably over the course of 22.5 hours. Due to the earlier observation of protistan
grazing and the reports o f other researchers (e.g., Lloyd, 1973), grazing can be assumed
✓
to have taken place, but in this case it was not at a fast enough rate to be observed or to 
prevent breakthrough of detached E. coli in the effluent.
Table 4-12. Average and total number of GFP per gram dry weight of filter sand 
and total number of GFP on each filter in the time series.
Filter # Length of 
Operation After 
End of E. coli 
Challenge 
(hours)







1 0 5.633 x 10v 235 1.324 x 101U
2 1 4.636 x 10' 239 1.108 x 101U
3 2 6.098 x 10v 246 1.500 x 101U
4 5.5 5.065 x 10v 231 1.170 x 101U
5 22.5 6.986 x 10' 236 1.649 x 10,u
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Figure 4-14. Best fit exponential plots estimating the number of GFP-labeled E. coli 
in two sand filters after a challenge of spiked influent raw water lasting three bed 
volumes (66 minutes).
Another goal of the time series study was to monitor the effluent from filters over 
time to provide insight into the ultimate fate of captured pathogens and specifically to 
confirm or disprove the detachment of E. coli. Table 4-13 summarizes the run times of 
each of the filters as presented in Chapter 3, as well as the average and total number of 
GFP eluted from each filter during its effluent sampling time range. Table 4-14 shows 
the average and total number of GFP introduced to each of the filters during the three- 
bed-volume challenge.
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Table 4-13. Summary of run times and effluent sampling times for time series filters 
and average and total GFP collected.
Filter # Length of 
Operation After 
End of E. coli 
Challenge 
(hours)










1 0 During challenge 1050 1.074E+06 1.128E+09
2 1 0 - 1 1070 3.299E+05 3.529E+08
3 2 1 - 2 1060 4.783E+05 5.070E+08
4 5.5 2 -5 .5 3810 3.834E+05 1.461E+09
5 22.5 5 .5-22 .5 18500 1.334E+05 2.467E+09
Total (Filters 1 - 5 ) 5.916E+09




Average GFP / mL Total GFP 
Introduced to 
Filters
Challenge Tank 1050 8.041E+07 8.443E+10
Two conclusions can be drawn from the time series effluent data. First, after a
spike of bacteria in the influent to a sand filter had passed, those bacteria continued to 
elute for longer than 24 hours. Partinoudi et al. (2006) also observed continued 
breakthrough of challenge pathogen surrogates (aerobic spores and polystyrene 
microspheres) even up to three months after a challenge. Second, even when the influent 
spike introduced a concentration of bacteria to the filter much above normal 
environmental conditions, more than one order of magnitude was retained.
Based on the conclusions just discussed, two behaviors of biological filters are 
hypothesized. First, the filter is likely limited by a filtration capacity. Each removal 
mechanism has its limit. Straining can occur until dead end pores are filled (Foppen et 
al., 2005). Adsorption is controlled by the number of attachment sites and their chemical
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favorability (Schijven et al., 1991). Protists will feed until satisfied. The second 
hypothesis relates to the first. Although a  biological filter has a limited filtration 
capacity, it behaves dynamically and responds to changes in influent water quality. The 
response is simply not immediate. For example, an extended period of elevated bacterial 
levels in the raw water will likely induce a growth in the population of phagocytic 
protists. Likewise, grazing will regenerate adsorption sites on filter media. Biological 
filter design should be conservative, however, to account for the delay of such responses 
following an increase in influent bacterial loading.
4.4.4. Effect of Draining on Protist Abundance Study
Protists are loosely associated with sand media in filter because they do not form 
a glycocalyx as bacteria do. Therefore, it was reasonable to assume that a substantial 
portion of protists in a slow sand filter would be removed along with the pore water when 
the filter was drained for cleaning. The results from enumerating protists in the top 0.5 
cm of the schmutzdecke in two duplicate drained and two duplicate undrained filters are 
displayed in Table 4-15. Results are direct counts of stained protists; no differentiation 
was made between different groups.
Table 4-15. Results from enumerating protists in the top 0.5 cm of schmutzdecke 
samples from drained and undrained test columns.
Filter # Replicate # Drained? Protists per Gram Dry Weight
1 1 yes 1.1 x 105
1 2 yes 1.3 x 105
2 1 yes 1.5 x lO 5
2 2 yes 1.4 x lO 5
3 1 no 1.6 x lO 5
4 1 no 10.1 x 105
4 2 no 2.2 x 10s
4 3 no 0.9 x lO 5
114
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Duplicate samples from the schmutzdecke were analyzed for the abundance of 
protists. In the case of Filter 3, one schmutzdecke sample was not taken correctly, and 
the sand escaped from the sampling pipette in the supernatant water. This error was not 
noticed during sampling, and was discovered in the lab when the sample was weighed, so 
one sample was lost. During sampling for the first replicate from Filter 4, less sand was 
also withdrawn, so a third sample was taken. The first replicate was analyzed and 
appeared to be an outlier, probably because the proportion of sand to slime layer was 
lower than in the other replicate samples. JMP statistical software was used to analyze 
the data both with and without the potential outlier Filter 4, Replicate 1. The JMP 
analysis is provided in Appendix D.
In neither case was the difference in the number of protists before and after 
draining statistically significant, suggesting that protists are not immediately washed 
away from the schmutzdecke with pore water. However, the study did not simulate the 
impact of desiccation on schmutzdecke protists. Desiccation may explain why manuals 
and articles such as AWWARF (1991), Kem (1996) and Back (2006) report that SSFs 
that had been drained took longer to ripen before putting back on line than filters that 
were cleaned with an alternative method such as underwater robots or wet harrowing. 
Likewise, Thames Water begins ripening its SSFs within eight hours of draining and 
scraping to limit periods of dryness (Collins, pers. comm., 2006)
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4.4.5. Seeding Schmutzdecke with Protists
From an operational standpoint, it would be ideal if a slow sand facility could 
seed its filters with protists to improve bacterial removal after cleaning. Seeding was 
attempted at laboratory scale with the 4.8 cm diameter test filter columns used throughout 
this research. Protists were successfully loaded onto filters, but no increase in E. coli 
removal was observed at this preliminary stage.
For clarity, the overview table of the four test columns for this experiment is 
reproduced from Chapter 3 here as Table 4-16.
Table 4-16. Overview of 4 filters for protist seeding study.
Filter # Protist Loading1 Challenged with E. coli?
1 0 Yes
2 High (100%) Yes
3 Low (33%) Yes
4 High (100%) No
Protists were extracted from the schmutzdecke of a pilot-scale slow sand filter (sand 
“acclimator”) as described in Chapter 3. “High” loading consisted of filtering a pure 
suspension of the extract through the test filters. “Low” loading was accomplished by 
diluting the protist extract with filtered raw water in a ratio of 1 : 2, extract: raw water.
Samples were taken from the seeding solutions for each of the four filters before 
seeding. Seeding lasted 40 minutes such that 240 mL of seeding solution was added to 
each column. Concentrations in the various seed solutions are shown in Table 4-17.
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Table 4-17. Concentrations of protists in seeding solutions and filter effluents during
protist seeding.
Filter Protists in Seed Solution 
Before Seeding 
(# / mL)
1 -  No Seed 0
2 -  High Seed 1.7 x 105
3 -  Low Seed 6.5 x 104
4 -  High Seed 1.3 x 105
Immediately after seeding, the columns were challenged with E. coli. The 
influent concentration in the challenge tank was 8 x 1 03 ± 2 x 1 03 counts / mL. Log 
removals are shown graphically in Figure 4-15.
None of the E. coli removals for each of the three columns was significantly 
different than for the other two columns, suggesting the protist amendment did not have a 
significant impact on performance. Additionally, removal in all filters was low and not 
significantly different than zero; all three filters exhibited E. coli removal similar to that 
of the unripened quality control filters presented in Section 3.4. It is possible that the 
protists were disturbed by the seeding process and were not actively feeding during the 
challenge. It is also probable that the protist seed solution contained bacteria of its own, 
which would be counter productive in removing additional challenge E. coli.
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Figure 4-15. E. coli log removals from test filters after protist seeding at varying 
levels.
Immediately following the E. coli challenge, triplicate schmutzdecke samples 
were taken from all four test filters and analyzed for protist concentration. A student’s t- 
test comparing each possible pair of filters at the 90% confidence level determined that 
Filters 2 -  4 all contained a higher concentration of protists in the schmutzdecke than 
Filter 1, which received no protist amendment. The concentrations of protists in Filters 2 
-  4 were not significantly different from one another. Table 4-18 shows the 
concentrations observed.
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Table 4-18. Concentrations of protists in the schmutzdecke of test filters after
seeding and challenging with E .  c o l i .
Filter Average # of Protists 
in mL Sample (Sand + 
Water)1
Average # of Protists / 
Gram Dry Weight 
Sand1
1 -  No Seed 3.5 ± 0.7 x 105 2.9 ± 0.3 x 105
2 -  High Seed 3.90 ± 0.02 x 10b 1.2 ± 0.6 x 107
3 -  Low Seed 3.21 ±0.09 x 10b 6.8 ± 0.8 x 10b
4 -  High Seed Without E. coli 
Challenge
5.1 ± 0 . 8 x  10b 7.61 ±0.07 x 106
Equal volumes were taken for each schmutzdecke replicate using a pipette, from which 
the tip had been removed. The prepared tip had a diameter of 0.85 cm, and
schmutzdecke was sampled to a depth of 0.5 cm for a volume of 0.28 mL. Each sample 
had varying proportions of the biological slime layer, fines, and sand, so the dry weight 
of each sample varied, as well. As such the two reported concentrations provide two 
unique ways of comparing seeding between columns.
In conclusion, the attempt to seed sand filters with protists was partially 
successful. Protists were successfully extracted from an operating column, and a protist 
seed solution containing a significant amount of protists was prepared. Protists were 
successfully loaded onto columns to achieve concentrations in the schmutzdecke 
significantly higher than those in a filter that received no amendment. E. coli removal 
was not, however, improved as a result of this seeding. The protist seed solution itself 
was likely compromised with enough bacteria to confound challenge E. coli removals It 
is possible that the newly seeded protists had not adapted themselves to their new 
environment or that interception and predation of influent bacteria in the pore water of a 
filter is not a significant removal mechanism. Further study of the viability of the protists 
in the seed solution is encouraged.
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4.5. Conceptual Model of Removal Mechanisms in the Schmutzdecke
In light of the results presented above, a conceptual model of E. coli removal in 
the schmutzdecke of slow sand and riverbank filters will now be presented. The removal 
mechanisms investigated in this thesis research and are included in the model include:
• straining
• physical/chemical adsorption
• biologically mediated adsorption
• inactivation/death
• predation
The overall model will contrast mechanisms at work in unripened and ripened filters.
At startup, without a schmutzdecke, the sand grains will have a negligible amount 
of biomass associated with them, and depth filtration (physical/chemical adsorption) will 
dominate as a bacterial removal mechanism. Classical filtration models, Yao’s (1971) 
and the subsequent amendments of his theory, will best describe the removal of bacteria 
from filters. Bacteria will be preferentially removed at the top of the filter.
Soon particles -  clays, silts and chemical precipitants -will be captured either by 
straining or adsorption. Capture will occur almost entirely in the top of the filter, as 
predicted by Yao’s filtration model, thereby increasing head loss in that region of the 
filter -  the beginning of the cake layer of the schmutzdecke. The accumulation of 
particles will clog some pores and constrict others, thereby improving the role of 
straining in removing pathogens. This thesis research discovered that straining was 
neither complete nor highly significant for the bacteria studied. Breakthrough was
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observed in every challenge experiment, and the high numbers of E. coli observed in the 
top centimeter of filters immediately following a challenge were not seen one hour later. 
Many had been sorbed but not strained and could redistribute themselves deeper in the 
filter.
At the same time that the filter cake is forming in the schmutzdecke, adsorbed 
bacteria will begin to colonize the sand grains at the top of the filter. Some will 
coordinate to form a patchy biofilm, attaching strongly to the filter media by means of 
their glycocalyx. These “primary colonizers” will require a lag time before growth 
occurs as they adapt themselves to their environment (Rice et al., 2000). As the filter 
ripens, this biofilm will become increasingly complex, but its extent will probably not 
extend beyond isolated patches covering less than ten percent of the media surface area 
(Bouwer et al., 2000). Extensions of the biofilm’s extracellular polysaccharides may 
improve removal of pathogens by capturing (straining) them or by providing additional 
adsorption sites beyond the sand grains, but this thesis research did not confirm or 
eliminate such removal mechanisms.
As pathogenic bacteria like E. coli enter a filter, they will meet one of three fates 
(Harvey and Garabedian, 1991; Marshall et al., 1971). Some will not attach to the 
granular media or the biofilm and will travel in the bulk liquid as planktonic bacteria. 
Others will adsorb as predicted by the DVLO theory. Of these sorbed bacteria, some will 
attach irreversibly either by being incorporated into the biofilm’s EPS matrix, attaching 
chemically to the few positive “favorable” adsorption sites in filter, or being tightly 
bound by van der Waals forces as they move physically closer to the a filter grain
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(Humphrey et al., 1979). The remaining sorbed bacteria will remain loosely surface 
associated in the DVLO “second minimum layer” (Marshall et al. 1971). In summary, 
incoming bacteria will either 1) remain planktonic in the bulk liquid, 2) attach 
irreversibly, or 3) become loosely surface-associated.
As bacteria become associated with the schmutzdecke, they provide a food source 
for protists. The number of protists counted in the schmutzdecke increased consistently 
for thirty days after the start of the new filter. Both planktonic and surface associated 
bacteria will be available to protistan predators, but bacteria incorporated into a biofilm’s 
EPS matrix will by protected from predation (Kinner, pers. comm., 2006). This thesis 
research discovered a number of protists associated with the schmutzdecke large enough 
to account for four orders of magnitude more E. coli removal than was observed. 
Subsequent attempts to quantify removal by predation were unsuccessful, but indicated a 
likelihood that predation does contribute to overall E. coli removal.
Lastly, the short residence times of non-sorbed bacteria in the schmutzdecke 
precludes natural death. Toxic effects of schmutzdecke pore water were not observed, as 
well.
In conclusion, of the five possible E. coli removal mechanisms in the 
schmutzdecke, only physical/chemical adsorption was confirmed as significant. Both 
straining and predation appeared to contribute to removal and show the potential to play 
and even greater role, but their contributions were not precisely quantified. Biologically 
mediated adsorption probably occurred, but was not identified or isolated from other 
removal mechanisms. Death/inactivation was confirmed to be an insignificant
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Figure 4-16. Conceptual model of E. coli removal in the schmutzdecke schematized. 
Arrows indicate the direction of a causal relationship. Arrow line weight denotes 
the likelihood that a particular removal mechanism is significant.
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS
5.1. Objective 1: Rank Operational and Design Parameters
The results of the screening study and L/d study can guide engineers designing 
slow sand filters. Engineers should design filters with small sand and long empty bed 
contact times, but need not restrict themselves to a slow hydraulic loading rate or concern 
themselves with pre-acclimating the sand. These results are encouraging because faster 
filter operation allows for fewer filters to be built, and pre-acclimating would induce 
additional costs. The case of Thames Water in London supports this conclusion. Thames 
Water operates its slow sand filters at a HLR of 0.45 m/h (Steele 2006), which is almost 
three times higher than the typical SSF in the United States.
A word of caution is necessary. The conclusion that faster flow rates can be 
utilized cannot be generalized to HLRs outside the range used in this study (0.2 m/h -  0.6 
m/h). An additional study should be undertaken to ensure that increasing HLR to higher 
rates has no negative effect on removal efficiency.
5.2. Objective 2: Assess Effect of Schmutzdecke Removal and Recovery
Operators need to be aware that scraping invariably reduces a filter’s ability to 
remove E. coli. Pathogen removal should be monitored after scraping before using 
filtered water for consumption until removal reaches an acceptable level. Under the
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conditions of this research, filters recovered from a removal of the schmutzdecke and 
upper layer of sand in less than four days, regardless of the depth of sand removed.
Temperature affected the extent to which E. coli removal efficiency recovered 
after scraping/scouring. Cold (8° C) filters achieved a significantly lower ultimate 
removal efficiency than warm (24° C) filters.
E. coli removal in the schmutzdecke was not permanent. Most initial attachment 
of E. coli occurred in the schmutzdecke, but after a challenge was stopped, a portion of 
those captured E. coli detached and either relocated deeper in the filter or eluted. Such 
continued breakthrough argues against permanent removal mechanisms such as straining 
or predation as being the only mechanisms at work.
5.3. Objective 3: Assess Removal Mechanisms Associated with the Schmutzdecke
Biofilm
Bacterial removal correlated strongly with biological activity, but assessment of 
EPS (extracellular polymeric substances) by total carbohydrate and total protein did not 
provide the strong correlation that would be indicative of biologically mediated 
adsorption. One must be careful, however, not to extrapolate from this conclusion that 
biologically mediated adsorption does not take place. Recommendations for further 
investigation of this phenomenon are given in Section 5.5.
No substances were present in the pore water of the schmutzdecke, which 
significantly enhanced E. coli removal by death or inactivation. When a microbe-free 
extract was produced from interstitial fluid by means of centrifugation, then spiked with
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E. coli, no statistically significant death was observed during the one-and-one-half hour 
length of a typical challenge.
5.4. Objective 4: Estimate Potential Influence of Protistan Predation
Protistan predation may play a critical role in E. coli removal in SSF and RBF 
either by grazing of surface-associated bacteria to limit detachment and open up 
adsorption sites or by intercepting bacteria in pore water, but neither mechanism was 
confirmed. Following a challenge with E. coli, the total number of extractable challenge 
organisms on a test filter did not change significantly over 24 hours. This result suggests 
that grazing was largely insignificant. On the other hand, after less than one hour, the 
number of extractable challenge organisms in the top 1 cm of the filter was reduced by 
0.5 log units. In addition, protists were observed grazing surface associated bacteria from 
sand grains in live samples under the microscope. These results imply that the impact of 
protists on E. coli removal may be localized.
Protists were successfully seeded onto operating filters, but no increase in E. coli 
removal was observed after seeding. Recommendations for improving research on 
seeding are presented in Section 5.5.
Lastly, immediately after draining a filter, the number of protists in the 
schmutzdecke was not significantly different than before draining. Further research is 
necessary to better simulate actual drain-and-scrape cleaning methods for clogged slow 
sand filters. During these cleaning procedures, filters may be drained for hours, and the 
impact of such long dry periods should be investigated.
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5.5. Recommendations for Future Study
The experiments making up this research effort used E. coli as a model 
pathogenic organism. The work should be repeated with other organisms -  both 
pathogens and surrogates — such as Crytopsporidium, Giardia, aerobic spores, and 
viruses in order to apply the results more generally or to refine them for individual cases.
Other methods besides gross measures of biomass and EPS should be researched 
to correlate the status of the schmutzdecke biofilm to microorganism removal. The 
assays for total phospholipids, carbohydrate, and protein utilized for this research were 
most likely too general to accurately portray the state of the biofilm. More localized 
methods of measurement both laterally and with depth in an SSF schmutzdecke and a 
riverbed should be used, as well.
Competitive inhibition of challenge E. coli by native biofilm or planktonic 
bacteria was not studied, and should be considered in addition to protistan predation.
GFP-labeled E. coli hold promise for targeted studies of bacterial fate in 
biological filters, but in order to increase their usefulness, laboratory extraction efficiency 
must be quantified. The repeatability of the GFP E. coli extraction must also be 
determined. Counting radio-labeled E .coli before and after extraction with a scintillation 
counter is one means of checking extraction efficiency.
The effect of various SSF filter cleaning methods -  draining and scraping, wet 
harrowing, and robotic cleaning -  and natural riverbed scouring on the protist population 
in the water/filter interface region should be investigated in depth. The numbers and
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viability o f protists, as well as their spatial distribution with depth in the filter, before and 
after cleaning or scouring should be monitored.
Lastly, the potential for seeding filters with protists deserves more attention. 
Specifically, it is recommended that future research examine whether a waiting time 
following seeding and before challenging improves the results of the seed. Protists may 
require an acclimation period after being introduced to a new environment.
Each of the above recommendations will help to improve the conceptual model 
put forth in Section 4.5.
In conclusion, both SSF and RBF offer many unique benefits over non-biological 
filtration and even rapid biological filtration. The breakthrough of microorganisms in 
these filters is of concern, especially in light of the promulgation of the Long Term 2 
Enhanced Surface Water Treatment Rule by USEPA. It has been shown that the 
schmutzdecke provides unique and enhanced removal of microorganisms. Cleaning and 
scouring compromise the schmutzdecke. This research has shown that the schmutzdecke 
is resilient and recovers quickly from such disturbances and that further investigation into 
specific removal mechanisms such as biologically mediated adsorption and protistan 
predation holds promise for increasing confidence in the use of SSF and RBF.
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APPENDIX A -  SUMMARY OF EXPERIMENTS AND RAW WATER 
(INFLUENT) CHARACTERISTICS
Dates and ripening times of all individual experiments conducted in conjunction 
with this research on the role of the schmutzdecke in pathogen removal.
Orthogonal Array (Parameters: initial Started ripening May 2, 2005
biomass, EBCT, HLR, sand media size) Conducted Challenge 1 on Virgin Sand and 
Previously Acclimated Sand same day
30 days
Challenge 2 (“Ripened”): May 31, 2005
Scraped sand equal to 7.5 min EBCT from 
top of all 8 columns
1 day
Challenge 3 (“Scraped”): June 1, 2005
Orthogonal Array Replication Started ripening March 30, 2006
26 days
Challenge 2 (“Ripened”): April 24, 2006
Scraped sand equal to 7.5 min EBCT from 
top of all 8 columns
1 day
Challenge 3 (“Scraped”): April 25, 2006
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Scouring Simulation Started ripening June 10, 2005
12 days
Challenged Series of Columns and 
individual columns ripened in series: June 
22, 2005
Disconnected series and ripened columns 
in parallel
14 days
Challenged individual columns after 
parallel ripening: July 6, 2005
Effect of Temperature on Schmutzdecke 
Regeneration
Started ripening July 21, 2005 (3 -  9” 
columns in series)
22 days
August 12, 2005Moved one set of columns 
to 8°C constant temperature room
Disconnected both sets of columns and 
continued to ripen in parallel at two 
different temps
4 days
Challenged columns in parallel
Relative Effect of L/d (filter depth to media 
diameter) and EBCT
Started ripening September 30, 2005
25 days
Challenged October 25, 2005
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Comparing Counts of Live Protists in Fresh 
Schmutzdecke Samples to E. coli Removal
Started ripening October 25,2005
45 days
Challenged December 8, 2005
Effect of Ripening Time on Protist 
Population
Started ripening Column 1 February 25, 
2006. Columns 2 - 7  started ripening at 
later dates ( 2 - 4  weeks) according to 
experimental design.
31 days
Challenged March 28, 2006
Green Fluorescent Protein (GFP) -  Labeled 
E. coli I: Mass Balance
Started ripening May 23, 2006
15 days
Challenged June 6,2006
Counting Protists from Drained and 
Undrained Filters
Started ripening May 23, 2006
25 days
Challenged June 16,2006
Green Fluorescent Protein (GFP) -  Labeled 
E. coli II: Time Series
Started ripening June 20, 2006
18 days
Challenged July 7, 2006
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Protist Seeding Started ripening July 18, 2006
30 days
Removed pre-filters, seeded with protists, 
and challenged August 16,2006
Protist Seeding Replication Started ripening with bioacclimated sand 
August 18, 2006. Seeded protists and 
challenged same day.
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Raw water characteristics measured by the UNH/Durham WTP personnel during 
































2 0 0 5
1 10 .4 170 6 5 6.81 10.1
2 111 20 0 .0 2 8 0 .0 4 3 11.2 0 .3 0 5 10 110 6 0 6 .7 5 .8
3 109 20 0 .0 3 8 0 .0 5 5 10.6 0 .2 8 9 10.6 100 60 6 .9 3 .9
4 114 20 0 .0 3 6 0 .0 4 9 10.4 0 .2 6 6 10.6 95 6 5 6 .9 3 .4
5 121 20 0 .0 4 4 0 .0 5 3 10.8 0 .2 5 5 10.1 90 55 6 .9 3 .3
6 132 2 5 0 .051 0 .0 5 6 10.4 0 .2 6 9 11 95 55 6 .9 8 3 .72
7 11.2 95 55 6 .9 7 3 .57
8 9 .7 130 60 6.8 9 .5
9 121 20 0 .0 4 4 0 .0 4 5 12.2 0 .2 8 7 9 .8 95 6 0 6 .9 4 .2
10 123 20 0 .0 4 3 0 .0 4 8 10.4 0 .2 5 9 11 90 55 6 .9 3 .6
11 123 20 0 .0 3 7 0 .0 4 9 10.6 0 .2 7 4 11.8 95 55 6 .9 3 .9
12 126 20 0 .0 3 7 0 .051 10.4 0 .2 7 6 12.8 95 55 7 5.2
13 129 20 0 .0 4 0 .0 6 10 0 .2 6 4 13 .4 110 55 7.1 4 .2
14 12 .4 110 55 7 .0 9 5 .94
15 12.2 110 55 7 5 .82
16 152 2 5 0.051 0 .0 7 4 ■ 11 0 .2 4 6 11.6 110 50 7.1 4 .6
17 155 25 0.051 0 .0 6 4 10.8 0 .2 5 8 11 .5 95 55 7.1 4 .6
18 155 2 5 0.051 0 .0 7 5 11 0 .2 6 7 11.6 100 55 7.1 4 .7
19 155 2 5 0 .0 5 5 0 .0 7 10.6 0 .2 6 11.8 90 50 7 4 .8
20 156 30 0 .0 5 7 0.081 10.2 0 .2 6 5 12.1 90 4 9 7 5.3
21 131 12.1 100 55 7 5 .2
22 12 .3 110 55 7 .2 6 .4
23 130 2 5 0 .0 4 2 0 .0 7 6 10 .4 0 .3 7 3 1 1 1 .4 140 70 6 .9 3 7 .8
24 99 25 0 .0 4 3 0 .1 0 6 11 .5 0 .4 6 9 10 2 8 0 75 6 .8 2 25 .2
25 85 20 0 .0 3 3 0 .0 7 3 11 .4 0 .4 3 4 10 220 75 6 .7 15
26 10.6 2 4 0 75 6 .7 19.5
27 77 20 0 .0 2 5 0 .0 4 6 11 0 .3 8 3 11.1 150 75 6 .7 7 .4
28 12.6 120 75 6 .7 7.1
29 14 .7 120 70 6.8 4 .9
30 15.1 130 70 6 .9 2 6 .2 3
31 113 20 0 .0 3 8 0 .0 5 5 9 .5 0 .3 2 4 15 120 70 6 .9 6.1
June
|2005
1 115 25 0 .0 3 7 0 .0 6 2 10 0 .3 3 8 13 .7 120 70 6 .9 5 .9
2 120 2 5 0 .0 4 8 0 .0 6 4 10 .4 0 .3 2 5 13.7 120 6 5 6 .9 5.1
3 120 25 0 .0 4 5 0 .0 6 2 10 .5 0 .3 3 7 14 .2 120 70 6 .9 4 4 .8 6
4 1 3 .2 100 6 5 6 .9 3 .29
5 1 4 .4 95 65 6 .9 4.1
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6 122 25 0 .0 5 0 .071 9 .8 0 .3 2 7 15 120 70 6 .9 5 .7
7 138 30 0 .0 8 8 0 .1 1 9 9 .5 0 .3 6 9 15 .8 160 75 7 5 .5 7
8 140 30 0 .0 8 8 0.12 8.8 0.361 1 5 .6 140 70 6 .9 6 5 .06
9 140 25 0 .0 9 3 0 .1 2 4 8 .4 0 .351 15 .9 150 70 7 7.1
10 132 30 0 .1 0 8 0 .151 8.2 0 .3 4 8 16 .3 140 75 6 .9 7 .5
11 16 .3 3 8 0 130 6.8 35
12 2 1 .3 2 6 0 120 6 .7 9 12.2
13 107 2 5 0 .0 5 6 0 .1 4 5 7 .8 0 .7 0 9 2 1 .5 4 3 0 120 6 .7 4 27
14 99 2 5 0 .0 7 8 0.112 7 .8 0 .6 6 7 22 2 4 0 140 6 .7 5 11.1
15 111 30 0 .0 7 4 0 .1 0 3 8.6 0 .6 2 6 17 .4 2 4 0 130 6 .8 9 11.9
16 114 2 5 0 .0 7 2 0 .0 9 7 9 .6 0 .5 5 8 14 .9 200 120 6.86 8 .2 9
17 118 30 0 .0 7 0 .0 9 6 9 .8 0 .5 0 5 14 .3 200 110 6 .6 5 6 .9 2
18 14.2 180 6 5 7 .02 6 .7 9
19 15 160 90 7 5.5
20 120 30 0 .0 7 0 .0 9 4 9 .6 0 .421 15 160 90 6 .9 6.2
21 121 30 0 .0 7 7 0 .1 0 7 8 .9 0 .4 4 3 15 .4 170 95 6.91 5 .0 6
22 122 30 0 .0 6 6 0 .0 9 7 9 .4 0 .4 2 7 15 .7 150 95 6.8 5.6
23 125 2 5 0 .0 8 7 0 .1 1 8 8 .5 0 .4 3 8 15 .9 160 90 6.86 6.01
24 127 30 0 .0 9 8 0 .1 2 6 8 .4 0 .411 16 150 90 6.8 6.8
25 15 .7 130 80 6.8 4 .3
26 16 .6 160 95 6.8 4 .7 3
27 130 2 5 0.12 0 .1 5 5 9 0.41 16 .9 140 85 6.8 6.8
28 132 30 0 .1 2 9 0 .191 7 .7 0 .4 2 4 17 .2 140 85 6.8 5 .6
29 135 30 0 .1 9 9 0.241 8.1 0 .4 1 2 17 .3 140 95 6 .7 5 .8
30 138 2 5 0.222 0 .3 6.6 0 .4 1 9 17 .5 170 90 6 .7 7 .4
1 154 2 5 0 .2 6 2 0.321 8 0 .4 5 18 180 85 6 .7 7 .4
2 16.6 140 75 6 .7 7 .3
3 18.2 220 110 6.8 11.8
4 17 150 100 6 .8 5 5 .5
5 153 35 0 .2 5 4 0 .311 6.6 0 .4 9 3 18 .4 200 95 6.8 11.2
6 165 35 0 .2 5 3 0 .3 3 4 6.2 0.481 18 .5 190 95 6.8 7 .4
7 171 4 0 0 .2 7 3 0 .3 1 6 6.1 0 .5 0 7 18 .5 190 120 6 .8 2 10.4
8 189 4 0 0.211 0 .2 4 2 7 .4 0 .451 18.1 200 100 6.91 11.7
9 16 .2 3 2 0 110 6 .7 21.6
10 17 2 5 0 90 6 .8 3 17.2
11 136 30 0 .0 9 6 0 .1 1 9 8 0 .4 9 2 17.1 220 85 6.8 12.9
12 137 30 0 .0 8 0 .1 1 4 8.2 0 .4 7 8 17 .3 190 95 6 .7 9.6
13 137 30 0 .0 8 9 0 .1 1 6 7 .6 0 .4 7 3 17 .6 190 100 6 .7 9 .7
14 139 30 0 .1 0 6 0 .1 3 4 7 .4 0 .4 7 5 17 .9 170 100 6 .7 7.1
15 141 30 0 .1 2 4 0 .1 7 3 7 0 .4 8 7 18 .3 170 90 6 .7 7 .7
16 18.1 180 110 6 .6 4 7 .1 2
17 18 .6 180 120 6 .6 2 5 .57
18 157 30 0.222 0 .2 6 9 6 0 .4 9 18 .8 180 100 6.6 6.8
19 153 30 0 .2 5 7 0.31 5 .8 0 .5 0 8 19 190 120 6.6 6.8
20 157 35 0 .2 6 6 0 .3 4 6 5 0 .5 1 2 19 .6 190 120 6.6 7
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21 164 35 0 .3 2 5 0 .3 7 2 4 .6 0 .5 3 6 19 .9 200 130 6.6 8 .0 4
22 169 35 0 .3 1 6 0 .3 5 4 4 .6 0 .5 7 20.1 200 120 6.6 7.9
23 2 0 .4 200 110 6.6 9.2
24 2 0 .3 210 110 6 .6 3 8 .63
25 184 4 0 0 .4 4 4 0 .4 9 6 4 .8 0 .5 0 8 2 0 .4 2 3 0 110 6 .7 9 .2
26 189 4 0 0 .3 7 7 0 .3 8 5 .4 0 .4 7 5 2 0 .5 210 110 6 .7 12.8
27 195 4 0 0 .3 1 2 0 .3 3 5 5 .5 0 .4 3 9 20.6 180 100 6.8 10.5
2 8 196 4 5 0 .2 9 3 0 .3 0 6 8.8 0 .4 2 5 19 .7 180 95 6.8 9
2 9 197 4 5 0 .3 1 7 0 .3 3 5 5 .4 0 .4 2 2 19 .8 160 90 6 .7 8
30 180 110 6 .7 10.3
31 140 75 6 .7 6.1
1 2 1 7 4 5 0.301 0 .3 2 5 5 .8 0 .3 4 5 20 140 6 5 6.8 5.87
2 2 2 3 4 5 0 .2 3 2 0 .2 4 7 6.6 0 .3 1 9 19 .6 150 60 6 .7 8 6 .3 9
3 2 2 3 4 0 0 .2 6 0 .2 9 5 .8 0 .311 20.1 150 55 6 .7 4 6 .3
4 2 2 3 4 0 0 .2 6 4 0 .2 8 3 5 .2 0 .3 1 7 19 .8 130 85 6.8 . 6 .2
5 2 2 4 4 0 0 .2 4 5 0 .2 6 5 5 .6 0 .3 1 3 19 .7 130 48 6.6 5.1
6 19 .3 120 50 6 .7 7 .9
7 19.1 2 7 0 6 0 6 .7 8.6
8 2 3 2 50 0 .2 7 4 0 .2 9 5 4 .6 0 .2 8 8 20.1 130 4 9 6.6 5.6
9 2 3 4 4 5 0 .2 8 6 0 .2 8 5 5 0 .2 8 4 2 0 .5 130 55 6 .7 6 .5
10 2 3 9 4 0 0 .2 7 9 0 .2 9 5 0 .2 7 5 20.6 140 4 5 6 .7 6 .3
11 2 7 9 4 5 0 .2 6 8 0.281 5 .4 0 .2 6 2 20.8 130 41 6.8 6.1
12
13
14 2 0 .4 100 42 6 .7 4 .8
15 2 5 0 4 5 0 .3 5 8 0 .3 7 2 5 .2 0.202 2 0 .7 95 42 6 .7 8 5 .4
16 2 4 0 4 0 0 .9 1 2 0 .2 1 7 0 .2 4 6 14 7 0 .2 4 5 19.7 120 48 6.8 6.6
17 2 4 3 4 0 0 .2 2 4 0 .2 8 9 6 .7 0 .2 7 19 .6 150 4 0 6.8 8.2
18 2 5 0 4 0 0 .1 8 3 0 .2 1 9 6.8 0 .2 6 7 19 .5 140 4 0 6.8 8
19 2 5 6 4 5 0 .1 8 0 .1 9 4 7 0 .2 3 9 19.2 120 42 6.8 7 .2
20 18 .9 120 34 6 .7 6 .4
21 18.8 120 4 5 6.8 6 .3
22 2 6 7 4 5 0 .1 9 9 0 .2 3 8 0.21 18.9 120 4 0 6.8 6 .3
23 2 6 8 4 5 0 .2 0 5 0 .2 1 6 6 .4 0 .1 9 6 18 .8 110 42 6.8 6.2
2 4 2 7 0 4 5 0 .1 7 4 0 .2 3 7 0 .1 8 9 19.1 95 32 6.8 6.2
2 5 2 7 3 4 5 0 .1 8 0 .2 2 9 6 .4 0 .1 9 2 19 100 37 6.8 4 .3
26 271 4 5 0 .1 9 3 0 .2 2 9 7 0 .1 9 3 18.7 100 36 6.8 5 .8
27 1 8 .6 100 34 6 .8 4 5.21
28 1 8 .5 85 27 6 .7 8 4 .7 7
2 9 2 6 7 4 0 0 .191 0 .2 0 3 7 .8 0 .1 6 9 18 .8 90 32 6 .9 4 .2
30 2 6 8 4 0 0 .1 5 5 0 .1 8 6 7 0 .1 5 8 19 8 0 2 8 7 4 .9
31 2 6 8 50 0 .1 5 6 0 .1 8 7 0 .1 5 7 19.1 75 31 7 4 .7
1 2 6 8 50 0 .1 6 5 0 .1 7 8 7 .5 0 .1 6 19 .3 80 26 6.81 3 .5
2 2 6 7 5 0 0 .1 4 0.2 7 .3 0 .1 6 3 19 .5 6 5 29 6 .8 4 3.21
3 19.7 85 28 6 .8 4 4.21
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4 19 .6 80 25 6.8 3 .7 9
5 19.1 95 39 6 .7 8 5 .1 9
6 2 8 0 4 5 0 .1 5 5 0 .2 1 7 6.8 0 .1 7 8 18 .8 95 34 6.86 6 .5
7 2 6 5 4 5 0 .1 8 7 0 .2 2 4 6 .9 0 .1 7 8 18 .2 100 32 6.8 5.7
8 2 6 5 4 5 0.181 0 .231 6 .9 0 .1 8 5 18 110 31 6 .9 6.6
9 2 6 5 4 5 0 .1 5 2 0 .1 7 5 7 .4 0 .1 8 4 18 95 33 6 .8 9 4 .7
10 17 .9 110 31 6.81 4.41
11 17 .3 100 34 6.8 5 .8
12 271 50 0 .2 1 9 0 .2 6 2 7 .7 0 .1 8 7 17 .3 150 2 7 6 .8 3 7 .9 5
13 2 7 2 50 0 .1 5 4 0.22 7 .3 0 .1 6 8 17 .3 120 2 4 6 .8 7 5 .9 7
14 2 9 3 50 0 .1 3 6 0 .1 9 7 7 .8 0 .1 4 9 17 .6 110 25 6.8 5 .4
15 271 55 0 .0 9 7 0 .1 8 8 .7 0 .1 4 5 17.8 120 21 6 .9 5 4 .6 4
16 271 50 0.131 0.181 7 0 .1 3 9 17.8 120 24 6.8 6.1
17 17 .6 90 23 6.8 5.2
18 17 .7 85 23 6.8 5.3
19 2 6 6 50 0.131 0 .1 6 4 6 .3 0 .1 5 3 17 .7 70 27 6 .8 5 3 .55
20 2 6 3 4 5 0 .1 7 0 .2 0 9 7 0 .1 7 5 17 .4 85 31 6.8 4 .3
21 2 5 7 4 0 0 .1 7 0 .2 6 9 6.6 0 .1 7 3 17 .4 95 30 6 .9 6 .3
22 2 6 0 50 0 .2 3 4 0 .3 5 9 6.8 0 .1 7 6 17 .3 110 34 6 .9 6 .0 3
23 2 5 8 4 5 0.181 0.21 6.2 0 .1 7 6 17.1 100 31 6.8 5 .7
24 17 90 2 6 6.8 5 .5
25 16 .2 110 34 6.81 8.02
26 261 4 5 0 .3 7 3 0 .4 4 6 .4 0.291 15 .6 190 6 0 6 .7 11.1
27 2 5 9 4 5 0.222 0 .2 3 7 6.8 0 .1 9 4 15 .3 120 4 4 6.8 6.8
28 2 6 3 4 5 0.171 0.2 7 .4 0 .191 15 120 38 6.8 7 .4
29 2 6 5 4 0 0.141 0 .1 7 8.2 0 .2 0 6 14 .8 140 35 6.8 10.4
30 2 6 0 4 0 0 .1 1 8 0 .151 8 0 .1 7 14 .7 100 30 6.8 6 .4
1 14.2 110 37 6.8 6.1
2 13.6 120 33 6 .8 3 6 .2 3
3 2 5 4 4 0 0.102 0 .1 1 8 8.2 0 .1 6 8 13.3 95 30 6.8 5 .8
4 2 5 6 4 0 0 .0 9 6 0 .1 1 7 8.2 0 .1 7 2 13 .4 90 29 6 .9 6
5 2 5 4 4 0 0 .1 0 3 0 .1 2 3 8 .4 0 .1 7 4 1 3 .6 110 32 6.8 6 .3
6 2 5 8 4 0 0 .0 9 8 0 .1 2 4 7 .8 0 .1 8 7 13 .8 120 33 6 .7 6.1
7 2 5 8 35 0 .0 9 4 0 .1 3 3 8 .3 0 .1 6 4 14 .2 85 26 6.8 6 .5
8 13 .9 90 23 6.8 7 .3
9 14 .9 4 9 0 41 6 .4 38
10 125 15 0 .0 7 6 0 .1 0 3 8.8 0 .5 6 8 14.1 210 110 6 .3 6 9 .2 9
11 101 15 0 .0 4 9 0 .0 8 9 9 .6 0 .5 4 6 14 .4 2 4 0 100 6 .4 14.2
12 118 15 0 .0 4 7 0 .0 6 8 9 0 .551 14 .2 180 120 6 .4 5.41
13 125 15 0 .0 4 5 0 .0 6 6 9 .7 0 .5 3 2 13 .3 170 110 6.6 6 .7
14 1 2 9 20 0 .0 4 5 0 .0 7 4 9 .7 0 .4 9 9 13 .4 170 110 6 .6 4 .9
15 13 .8 36 0 110 6 .4 21.2
16 13 .5 2 6 0 100 6.2 12.2
17 78 10 0 .4 1 3 0 .041 0 .0 5 7 30 9 .7 0 .561 12 .4 180 120 6 .4 5 .7
18 92 15 0 .0 3 6 0 .0 4 7 9 .9 0 .4 8 11.8 160 110 6 .4 4.1
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19 9 9 15 0 .0 3 6 0 .0 5 2 10.6 0 .4 8 9 11.8 150 100 6 .4 4 .8
20 105 15 0 .0 3 5 0 .0 5 9 9 .8 0 .4 3 8 11 .4 140 95 6 .3 3 .4
21 112 20 0 .0 3 4 0 .0 4 7 10 0 .4 2 7 10 .4 130 90 6.6 3 .3
22 9 .2 120 85 6 .5 3 .8
23 9.1 140 85 6 .4 6 4 .0 2
24 108 20 0.022 0.031 8.6 0 .4 2 7 9 .5 150 95 6 .5 5 .7
25 104 15 0 .0 2 9 0 .0 5 9 0 .4 2 9 9 .8 160 85 6 .9 12.2
26 79 15 0 .0 4 8 10.8 0 .4 8 8 8.8 190 120 6 .5 7 .5
27 81 15 0 .0 4 11 .4 0 .4 7 6 8 .3 150 100 6 .3 5 .2
28 91 15 0 .0 4 3 11 .4 0 .4 0 7 8 .5 130 90 6 .5 3 .7
29 8 120 85 6 .4 3.9
30 7 .9 110 80 6.6 3
31 109 20 0.041 11.6 0 .3 3 6 8 .3 110 70 6 .5 2.6
1 113 20 0 .0 4 6 11.6 0 .3 3 7 8.6 110 6 5 6 .5 4 .2
2 117 20 0 .0 5 11 .4 0 .3 4 9 .7 110 70 6.68 3 .1 5
3 122 20 0 .0 5 4 12 0 .3 2 7 9 110 70 6.6 3 .2
4 153 20 0 .0 5 2 11.6 0.311 8 .9 110 6 5 6.6 3.4
5 9.1 110 65 6 .7 2 .9
6 9 .2 110 70 6 .7 3 .5
7 134 20 0 .0 5 5 12 0 .3 1 2 10.1 110 6 5 6 .7 3 .5
8 132 25 0.051 11.8 0 .3 4 2 10 120 70 6 .7 5
9 130 2 5 0 .0 4 3 12 0 .3 4 8 8.1 120 65 6 .6 9 4 .3 7
10 112 20 0 .0 8 2 12.4 0 .4 0 6 8 .3 2 3 0 70 6.6 12.2
11 7 .7 140 75 6 .5 4 4 .0 2
12 6.1 120 80 6 .5 3 .4
13 4 .7 100 75 6 .5 2 .5
14 111 20 0 .0 2 9 0 .0 3 7 13.1 0 .3 1 8 5 .9 100 70 6.6 2 .7
15 115 20 0.031 0 .0 4 2 13.7 0 .3 1 5 6 .9 100 6 5 6.6 3.1
16 124 20 0 .0 3 6 0 .0 4 5 13 0 .3 0 8 7 110 6 5 6.6 4 .4
17 93 20 0 .0 2 5 0 .0 8 2 11.8 0 .4 1 9 8 .7 2 5 0 65 6.6 18.7
18 89 15 0 .0 2 6 0 .0 4 2 0 .3 9 4 6 .3 130 90 6 .4 5
19 4 .8 100 75 6 .4 3 .4
20 5 100 70 6 .5 3.1
21 106 15 0 .0 3 0 .0 3 6 0 .311 4 .2 90 6 5 6 .5 2 .7
22 110 15 0 .0 3 2 0 .0 4 2 14 0 .2 7 8 5 .2 95 6 0 6 .4 3 .6
23 7 8 15 0 .0 2 6 0 .0 5 2 14 .3 0 .3 7 2 5 .3 180 6 5 6 .3 11.1
24 3 .9 120 75 6 .3 4 .2
25 3 .3 90 65 6 .4 2.6
26 2.2 85 6 0 6 .4 5 2 .4 9
27 1.8 90 6 0 6 .4 2 2.8
28 109 15 0 .0 3 0 .0 3 6 14 .2 0 .2 6 3 .5 90 55 6 .5 5 2.6
29 115 20 0 .0 3 3 0.041 14.2 0 .2 6 2 4 .5 110 55 6 .5 3 .5
30 109 20 0 .0 4 2 13 .8 0 .2 7 6 6.1 95 50 6 .5 3 .4
1 92 15 0 .0 4 13 .2 0 .331 6 .9 140 6 5 6 .4 7 .4
2 93 15 0 .0 3 8 12.8 0 .3 0 4 6 .5 110 6 5 6 .4 4 .4
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3 6 .4 110 6 0 6 .5 3.1
4 3 .7 85 6 0 6 .5 2 2.66
5 108 20 0 .0 3 3 14 0 .2 4 7 2 .9 75 6 0 6 .5 2 .3
6 20 0 .0 3 7 14 0.241 2 .5 75 50 6 .5 1.9
7 115 20 0 .0 4 2 12.8 0.231 2.6 75 50 6.6 2.1
8 123 20 0 .0 3 6 0 .0 4 2 13.6 0 .2 3 2 2.2 75 55 6 .5 2 .4
9 130 20 0 .0 3 4 0.041 13 0 .2 4 6 1.8 75 48 6 .5 4 2 .4 6
10 2.1 80 4 6 6 .5 2 .7
11 1.9 75 4 8 6 .5 8 2 .7 4
12 130 20 0 .0 3 8 0 .0 4 5 14 .6 0 .2 2 3 2 .3 75 4 7 6 .7 2.66
13 130 20 0 .0 3 8 0 .0 4 2 13 0 .2 1 7 2.2 80 4 6 6 .5 2 .0 8
14 132 20 0.041 0 .0 4 8 13 .8 0 .2 1 5 2 75 4 7 6.6 2 .3
15 139 2 5 0 .0 4 2 0 .0 5 2 13 .2 0 .2 2 4 1.9 80 4 9 6 .7 2 .9
16 1.4 80 4 6 6 .4 4 3.1
17 2 .5 130 4 4 6 .4 2 6 .1 8
18 1.5 90 4 8 6 .7 3 3 .9
19 121 20 0 .0 4 2 0 .0 4 8 13.4 0 .2 3 7 1.9 80 4 6 6 .4 2 .9
20 122 20 0 .0 3 8 0 .0 4 4 14 0 .2 4 2 80 50 6 .5 2 .7
21 125 30 0 .0 3 7 0 .0 4 4 14.2 0 .2 7 5 2.1 90 60 6 .5 5 2 .0 7
22 127 2 5 0 .0 3 2 0 .0 4 4 13 .2 0 .2 5 6 2 90 55 6.6 2 .4 6
23 133 20 0 .0 4 2 0 .0 4 6 13 .3 0 .2 4 3 2 80 50 6 .5 3
24 2 90 50 6 .5 3.1
25 3 .4 85 50 6.6 2.6
26 1.5 2 6 0 4 5 6 .4 2 23
27 1.9 130 55 6 .4 7 .6
28 1.9 110 55 6 .4 4 .4
29 97 20 0 .0 2 8 0 .0 3 9 12.6 0 .2 5 2 .4 90 55 6 .4 2 2 .8 4
30 91 20 0 .0 2 5 0 .0 5 3 12.8 0 .2 6 2.1 140 4 6 6 .4 4 6 .6 4
31 2 90 60 6 .3 4 .8
1 1.8 85 50 6 .5 3
2 1.9 75 47 6 .5 5 1.81
3 112 20 0 .0 2 3 0 .0 3 2 13 .4 0.212 2 .4 75 48 6 .5 2 .5
4 112 20 0 .3 1 7 0.022 0 .0 3 3 4 8 13.5 0 .2 0 6 2.2 70 4 2 6 .5 2 .5
5 121 20 0 .0 3 0 .0 3 6 13 .8 0 .2 0 4 1.8 70 4 0 6 .5 2.8
6 122 15 0 .0 2 9 0 .0 3 4 13.8 0.201 2.2 65 41 6.6 1.9
7 2.1 70 4 0 6 .5 2 .4
8 1.9 65 4 3 6 .6 4 2 .5 4
9 131 20 0 .0 3 2 0 .0 3 7 13.2 0 .1 9 9 1.8 70 4 0 6.6 2.1
10 133 20 0 .0 3 5 0 .0 4 13 0 .191 1.9 6 5 4 0 6 .5 2 .3
11 136 20 0 .0 3 3 0 .0 4 13 0 .1 9 5 2.2 70 41 6 .7 2 .5
12 168 2 5 0 .2 4 7 0 .0 3 8 0 .0 8 7 1 3 .8 0 .2 5 3 2.2 210 3 7 6 .5 2 1 7 .7
13 110 20 0.031 0 .0 4 8 13.8 0 .2 1 7 2 .5 120 41 6 .7 6.1
14 2 .5 80 4 4 6 .7 3 .5
15 1.8 180 50 6.6 14.3
16 109 15 0 .0 3 0 .0 4 13 .4 0 .2 4 8 1.7 120 4 9 6.41 7 .0 4
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17 117 20 0 .0 2 7 0 .0 3 7 12.8 0 .2 3 3 1.8 85 4 9 6 .5 3.2
18 110 15 0 .0 2 6 0 .0 5 7 14 0 .2 3 7 1.9 95 4 5 6 .5 4 .7
19 107 20 0.022 0 .0 3 5 13 0 .2 0 3 1.9 160 4 0 6 .5 11
20 2 80 4 0 6 .7 4 .2
21 2 .3 85 41 6 .5 3 .6
22 112 20 0 .0 2 5 0 .0 3 7 10.2 0 .1 9 7 2 .4 80 42 6.2 3 .3
23 118 20 0 .0 2 7 0 .0 3 9 12 0 .1 9 7 2 .3 75 4 0 6.8 2 .9
24 123.1 2 5 0 .0 2 9 0 .0 3 8 13 .8 0 .191 2.1 85 37 6 .7 3 .9
25 134 20 0 .0 2 9 0 .0 3 6 13 0 .1 7 6 1.9 75 38 6 .6 4 3 .82
26 137 20 0 .0 2 8 0 .0 3 5 13 .8 0 .1 8 2 .3 70 37 6.6 3 .4
27 2.2 70 35 6 .7 3.1
28 2.1 70 39 6 .7 2.8
2 9 2.1 75 42 6 .6 2 3 .46
30 143 20 0 .0 3 4 0 .0 6 5 13 0.221 2.6 160 36 6.6 12.2
31 139 20 0 .0 2 4 0 .0 3 5 13 .5 0 .1 9 8 2 .4 80 38 6.6 3 .7
1 125 20 0 .0 2 8 0 .0 3 7 14 0 .1 8 3 2 .3 6 5 36 6 .7 3 .4
2 131 20 0 .0 3 7 14 .6 0 .1 9 3 2.8 75 42 6.6 3 .5
3 131 2 5 0 .0 3 9 14 .5 0 .1 8 8 3 .3 65 2 6 6 .9 3 .9
4 2 .3 150 4 4 6 .4 12.2
5 3 .3 220 4 6 6 .5 15
6 88 15 0 .0 4 6 14 .8 0 .2 3 8 2.6 110 4 6 6.6 5 .3
7 95 15 0 .0 3 5 14 .3 0 .2 0 5 2.6 80 39 6 .4 3 .9
8 103 15 0.022 0 .0 3 14.2 0 .1 9 2 2 .3 85 4 6 6 .5 3 .7
9 112 20 0 .0 3 6 14.4 0 .1 8 8 2 .3 75 38 6 .5 3 .7
10 120 20 0 .0 3 7 14 .4 0 .1 7 4 2.2 75 37 6.6 3.4
11 2.1 70 ' 38 6.61 2 .4 6
12 1.8 6 5 41 6 .7 2 .3
13 140 2 5 0 .0 4 3 14.4 0 .1 5 2 2.1 65 33 6 .7 2.6
14 139 20 0 .0 4 6 14 0 .1 7 2 2 65 34 6 .7 2 .4
15 141 2 5 0 .0 4 3 13.1 0 .1 6 4 2 .4 70 35 6 .5 2 .5
16 144 2 5 0 .0 5 14 .4 0 .1 7 2 2 70 33 6 .7 3 .9
17 138 2 5 0 .0 5 4 ' 1 4 .6 0 .171 2 .5 80 36 6 .7 4 .5
18 2 .3 100 30 6 .7 6.8
19 1.5 95 37 6 .7 4
20 143 25 0 .0 4 6 13 .8 0 .1 7 7 2 70 33 6 .7 3 .3
21 150 25 0 .0 4 4 12 .4 0 .1 7 2 .3 75 39 6 .7 2 .4
22 152 2 5 0 .0 4 8 14 .4 0 .1 6 7 2.2 70 33 6 .7 3 .4
23 154 2 5 0 .0 4 9 14.3 0 .1 6 2 2.2 70 35 6 .7 3 .4
24 155 2 5 0.051 14 .4 0 .1 5 4 2 .4 70 33 6 .7 2 .7
25 2 .3 70 32 6 .7 4 2 .5 3
26 1.6 70 35 6 .7 7 3 .57
27 166 2 5 0 .0 5 5 14.1 0 .1 5 3 1.8 6 5 34 6 .7 3 .6
28 170 2 5 0 .0 5 6 13 .9 0 .1 5 8 2 70 31 6.8 3.8
1 173 3 0 0 .0 5 5 13.8 0 .1 6 2.1 70 32 6.8 3.4
2 173 30 0 .0 5 8 13 .8 0 .1 5 8 1.9 75 33 6 .9 3.1
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3 172 30 0 .0 5 6 13 .9 0 .1 5 3 2.1 65 32 6 .9 3 .4
4 2 75 32 6.8 3.1
5 2 70 33 6 .7 9 2 .9 7
6 170 30 0 .0 5 4 13 .4 0 .1 4 8 2.2 70 32 6.8 2.8
7 171 30 0 .0 5 5 14 .2 0 .1 4 8 2 .3 6 5 33 6.8 2 .4
8 171 30 0 .0 5 7 14 .4 0 .1 5 2 .3 70 31 6.8 2 .7
9 163 30 0 .0 6 14 .3 0 .1 5 3 2 .4 75 32 6.8 3 .2
10 159 30 0 .0 5 9 14 .5 0 .1 4 5 2 .5 70 29 6.8 3 .3
11 3 .2 70 33 6.8 3 .5






18 4 85 42 6 .6 9 3 .4
19 3 .2 80 4 0 6 .6 9 3 .2 9
20 131 2 5 0.041 14 .7 0 .1 8 6 3 .5 75 36 6.8 3 .7
21 138 2 5 0 .0 4 3 13.7 0 .18 3 .4 70 37 6.8 3
22 143 25 0 .0 4 6 13 .5 0 .1 7 8 3 .5 75 37 6.8 3 .4
23 146 2 5 0 .0 4 3 12 .9 0 .1 6 6 3 .7 70 33 6.8 2 .9
24 167 2 5 0 .0 4 9 12 .9 0 .1 6 8 5 .2 70 29 6.8 4
25 5 70 18 6.86 3 .5
26 5 .8 80 33 6 .8 3 4 .8
27 154 2 5 0.051 12 .5 0 .1 6 2 5 .4 70 30 6 .9 4.1
28 156 30 0 .0 4 9 11.8 0 .1 6 2 5 .8 80 30 6 .9 4 .6
29 154 2 5 0 .0 5 2 12 .9 0 .1 6 5 5 .9 85 33 6 .9 4 .5
30 157 2 5 0 .0 5 5 11 .9 0 .1 7 7 6.2 80 2 8 6.8 4 .5
31 158 30 0 .0 5 9 11 .7 0 .1 7 3 6 .9 85 31 6 .9 4 .9
1 7 95 35 6.81 4 .9 5
2 10 110 35 6 .9 6 5 .6 5
3 161 30 0 .0 6 8 11 0 .1 9 3 8.6 100 33 6 .9 6 .5
4 152 30 0 .0 9 5 10.6 0.202 8 .5 120 35 6 .7 6 .5
5 105 20 0.081 13 0 .3 3 3 9.1 170 60 6 .5 12.5
6 102 20 0 .0 4 5 12 .7 0 .2 8 8 5 .5 110 60 6.6 6.8
7 107 20 0 .0 5 3 12.8 0 .2 7 6 6.8 120 55 6.6 5 .45
8 7 .9 110 50 6.68 4.1
9 7.1 95 4 8 6 .7 5 .2
10 118 20 0 .0 2 8 11 .4 0 .2 2 8 7 .5 90 4 7 6 .7 3 .8
11 119 20 0 .0 3 9 12.1 0 .2 3 9 7 .7 90 4 8 6 .7 3 .3
12 125 20 0 .0 4 6 11.2 0.222 6.8 90 4 6 6 .7 3 .5
13 127 2 5 0 .0 4 5 11 0.231 8.6 90 4 5 6 .7 3 .9
14 123 2 5 0 .0 5 10.8 0.221 9 .3 90 4 2 6 .7 4 .8
15 9 .8 90 4 4 6 .7 4 .4
16 11 .7 90 4 4 7 .5 3 .9
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17 140 2 5 0 .0 8 7 10 .7 0 .2 4 3 10.8 100 4 6 6.8 4.1
18 143 30 0 .0 7 7 10 .58 0 .2 5 3 11 110 50 6 .7 8 3 .86
19 146 2 5 0 .0 8 7 10 0.251 10 .9 100 4 8 6.8 4 .5
20 146 30 0 .0 7 8 10 .3 0 .2 5 5 11 .3 100 4 9 6.8 5.3
21 145 2 5 0 .0 8 2 9 .8 0 .2 8 5 11.6 110 60 6.8 4 .6
22 11.8 110 60 6.8 4 .8
23 11 .4 100 55 7 .3 4 .8
24 165 3 0 0 .1 0 3 10.4 0 .2 5 9 9 .7 130 4 5 6 .9 7 .6
25 145 30 0 .0 6 8 12 0 .2 7 2 10.2 100 55 6.8 4 .7
26 143 2 5 0 .4 6 6 0 .071 6 10.7 0 .2 9 6 10.1 110 6 0 6 .9 4 .8
27 143 2 5 0 .0 6 8 10 .7 0 .2 9 2 10.2 110 60 6 .9 3 .8
28 140 2 5 0 .0 6 6 10 .4 0 .281 10.8 100 6 0 6 .9 3 .7
29 10.8 110 55 6.8 3.9
30 10.6 110 4 7 6 .8 3 4 .0 8
1 146 2 5 0 .0 7 2 10 .5 0 .2 6 2 10 .9 110 55 6.8 4 .6
2 149 2 5 0 .0 8 3 10.2 0 .2 5 2 11 .4 110 50 6.8 4 .6
3 95 20 0.101 11.1 0 .4 0 3 9 .4 2 4 0 70 6.6 14.9
4 93 20 0 .0 6 5 10.8 0 .3 9 10 .7 140 70 6.6 6 .4
5 95 20 0 .0 5 3 9 .8 0 .3 7 4 13 .5 140 75 6 .5 6.2
6 13.1 130 65 6 .7 5.1
7 13 .6 120 75 6.8 4 .7
8 118 20 0 .0 7 6 9 .7 0 .3 3 3 13 .2 120 65 6 .7 5 .3
9 125 20 0 .0 8 4 9.1 0 .3 1 9 13 .2 130 70 6 .7 4 .8
10 149 2 5 0 .0 8 9 .6 0 .3 1 6 12 .5 140 6 0 6.8 7.1
11 130 2 5 0 .0 6 5 9 .9 0 .3 2 3 12 120 60 6.8 5 .3
12 132 2 5 0 .0 7 10 .3 0 .3 1 8 12 120 6 5 6 .8 2 3 .89
13 11.2 220 6 5 6 .8 2 14.7
14 9 .2 5 2 0 55 6.1 4 1 .6
15 41 10 0 .0 9 5 11 .5 0 .3 8 9 .7 3 1 0 6 0 6.2 20.2
16 56 10 0 .0 6 4 11 .4 0 .3 3 9 10.1 200 55 6 .3 15.1
17 6 3 10 0 .0 4 5 11 .3 0 .2 9 4 11.2 130 50 6 .5 7 .3
18 76 15 0 .0 4 3 9 .2 0 .2 8 9 13 .4 130 55 6 .4 7 .3
19 84 20 0 .0 4 8 9 .0 0 .301 14 .6 140 55 6 .7 5 .9
20 13.4 170 6 5 6 .5 11.2
21 12 .9 120 6 0 6.6 5 .4
22 96 20 0 .0 4 7 9 .7 0 .2 8 3 13 120 6 0 6.6 4 .8
23 98 20 0 .0 4 8 9 .4 0 .2 7 13.4 120 60 6.6 5.2
24 103 20 0 .0 4 9 9 .8 0 .271 13 .8 120 60 6 .7 4 .5
25 110 2 5 0 .0 5 4 9 .5 0 .2 7 13 .8 120 55 6.8 5.6
26 113 25 0 .0 5 8 9 .3 0 .2 6 14 .4 130 50 6 .7 4 .8
27 13 .9 100 50 6 .7 4 .2
28 15 130 55 6 .6 4 5 .17
29 14.7 110 50 6 .5 4 4
30 121 2 5 0 .0 8 3 8 0 .2 7 9 16 120 55 6.6 4 .8 9
31 133 25 0 .0 7 3 6 .7 0 .2 9 4 16 .8 120 60 6.8 5.2
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1 136 30 0 .0 8 4 7 .8 0 .2 9 2 17.3 110 50 6 .7 4 .7
2 17.7 4 7 0 110 6.6 31 .3
3 16 .4 2 4 0 95 6.6 14.6
4 14 2 8 0 85 6 .5 4 17.3
5 241 20 0 .0 4 7 9 .2 0 .4 6 7 14.9 180 100 6 .4 8 .0 3
6 88 20 0.051 8 .5 0 .4 1 6 15 .7 150 90 6.6 6 .3
7 95 20 0 .0 5 5 8 .5 0 .3 8 9 16 .6 150 80 6 .7 5 .8
8 6 3 15 0 .0 6 7 9 .3 0 .461 14.1 2 9 0 80 6 .4 5 19.7
9 68 15 0 .0 4 6 8 .7 0 .4 3 14 .8 160 90 6 .5 6.2
10 15 150 80 6.6 6 .4
11 14 .4 140 85 6 .3 5 4 .6 2
12 85 15 0 .0 4 9 8.8 0 .351 15.8 130 80 6.6 4 .9
13 9 4 20 0 .0 5 6 8.6 0 .351 17.8 140 75 6 .7 5 .8
14 101 20 0.061 8.1 0 .3 5 6 18.5 140 70 6 .7 6
15 111 2 5 0 .0 6 8 7 .7 0 .3 5 9 18 .4 150 70 6 .7 7 .4
16 114 2 5 0 .0 8 2 8 0 .3 4 9 18.3 160 70 6 .7 7.7
17 17 .8 170 6 5 6 .6 5 7 .1 4
18 18 160 75 6 .7 2 8 .6 9
19 121 2 5 0 .1 0 8 6 7.1 0 .3 6 4 18 .7 150 70 6.6 5.4
20 122 2 5 0 .6 1 4 0.122 6 .5 0 .3 4 9 18 .6 150 75 6.6 5.9
21 128 2 5 0 .1 4 6 6 .3 0 .3 5 5 18 .8 140 75 6.6 5.2
22 158 30 0 .1 5 4 6 .9 0 .3 4 8 19.1 170 70 6 .7 7 .7
23 150 30 0 .1 6 8 6 .3 0 .3 5 6 19.1 170 70 6 .7 8
24 18 .6 150 70 6 .7 6 .3
25 18 .9 180 6 5 6 .7 2 7 .17
26 157 30 0.112 8.1 0 .3 6 9 18 .8 210 70 6.8 10.6
27 157 30 0 .1 4 2 7 0 .3 6 2 18 .7 170 6 0 6.8 7 .8
28 159 30 0 .1 3 7 0 .351 18 .8 150 65 6 .7 7 .7
29 157 30 0 .1 2 9 6.8 0 .3 5 4 19 .8 140 70 6.8 6
30 157 30 0 .1 3 8 6.2 0 .3 4 5 19 140 70 6.8 4 .8
1 19 140 6 5 6.8 6 .9
2 19 140 75 6 .7 5 .4
3 161 35 0 .1 9 3 5 .5 0 .3 5 2 19.4 140 75 6.6 5 .4
4 150 70 6 .4 6 5 .4
5 165 35 0 .2 2 3 4 .9 0 .3 4 6 17 .3 140 70 6 .7 6
6 19.2 140 55 6.6 6 .3
7 174 35 0 .3 1 9 4 .5 0 .3 5 18 .9 160 70 6.6 7 .2
8 18 .6 140 6 0 6.6 7 .7
9 18 .9 130 6 5 6.71 5.7
10 189 35 0 .1 9 9 5 .6 0 .281 19 .3 120 55 6 .7 4 .8
11 190 35 0 .1 8 7 5 .4 0 .2 7 3 19.1 120 55 6 .7 6
12 190 30 0.22 5 .5 0 .2 9 6 19.1 170 55 6.6 8.8
13 124 30 0.141 6 .6 4 0 .5 6 2 19 .5 2 9 0 80 6 .5 6 14
14 119 25 0 .0 8 7 7 .5 0 .5 0 5 19 .9 210 85 6 .4 5 9 .3
15 190 90 6 .2 9 8.1
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16 19.9 140 65 6 .4 4
17 122 25 0 .1 1 5 5 .7 0 .4 7 9 20 180 95 6 .5 5 .6
18 124 2 5 0 .1 3 6 5 .6 0 .4 6 6 20.1 160 95 6 .5 5 .3
19 127 2 5 0 .1 7 2 4 .8 0 .4 5 9 20.1 160 95 6 .5 5 .9
20 135 30 0 .2 1 4 5.1 0 .5 8 4 20.6 190 120 5 .5 5 .3
21 145 30 0 .1 8 3 0 .2 2 6 5 .7 0 .5 7 2 0 .5 220 130 6.6 7.1
22 20.6 200 120 6.6 6 .4
23 19 .6 160 100 6.2 3.7
24 174 35 0 .1 8 3 6 .3 0 .4 1 2 20.1 170 80 6 .7 7 .3
25 172 30 0 .1 6 7 5 .8 0 .4 1 8 19 .9 160 85 6.6 7.1
26 170 30 0 .1 6 6 5 .4 0 .4 2 5 19.9 170 90 6.6 7.1
27 170 30 0 .1 7 9 5 .2 0 .3 9 7 2 0 .3 150 85 6.6 5 .5
28 169 30 0 .2 0 4 5 .2 0 .3 9 6 2 0 .3 150 75 6.6 6.8
29 2 0 .4 140 80 6.6 6 .5
30 20.2 150 85 6 .5 4 4 .3
31 171 4 0 0 .2 0 5 0.22 0 .3 9 8 2 0 .5 140 75 6 .6 3 5 .5
1 180 35 0 .2 3 4 .7 0 .3 6 4 20.6 140 80 6.6 6 .3
2 187 4 0 0.251 4 .3 0 .3 5 3 2 0 .9 140 75 6.6 5 .3
3 190 35 0 .2 3 4 .2 0 .3 3 5 21 130 70 6 .5 4 .4
4 192 4 0 0 .2 5 2 0 .2 7 7 4 .2 0 .3 4 8 21 140 65 6 .5 6 4 .6 8
5 2 0 .9 170 35 6 .6 9 8 .1 7
6 2 0 .7 140 6 0 6 .6 5 7
7 2 0 .3 140 55 6.6 8.1
8 194 4 0 0 .1 8 7 5 .7 0 .3 1 8 2 0 .4 ' 140 60 6.6 7.1
9 195 35 0.2 5 .3 0 .3 0 9 20 120 65 6 .7 5 .9
10 197 35 0 .2 0 7 5 .2 0 .3 2 2 19 .9 140 70 6 .7 5 .3
11 191 35 0 .2 3 4 5 .6 0 .3 0 2 19.7 130 60 6.6 6.6
12 19.4 130 60 6.8 6 .9
13 18.3 140 37 6 .6 7 6.12
14 211 4 0 0 .2 1 6 6 .7 0 .2 7 4 17.9 120 4 8 6 .7 6.2
15 2 1 4 4 0 0 .1 5 8 6.6 0 .2 7 3 18 120 4 9 6 .7 7
16 2 1 4 4 0 • 0 .141 6 .3 0 .2 2 4 18 100 4 4 6 .7 5.1
17 2 1 7 4 0 0.112 17.9 90 39 6 .7 5 4 .2 3
18 2 1 9 4 0 0.1 6 .9 0 .1 9 3 18 .4 85 36 6 .7 3 .8
19 1 8 .6 90 4 6 6 .7 4 .8
20 18.5 85 35 6.6 4
21 161 2 5 0.191 7 .4 0 .4 5 6 18 .6 4 5 0 4 8 6 .5 32.1
22 165 2 5 0 .1 6 6 6.6 0 .4 0 6 18 .5 3 2 0 50 6 .7 24.1
23 164 2 5 0 .1 1 9 6.2 0 .3 6 2 18 .5 200 55 6.6 10.9
24 165 25 0 .1 1 4 6 0 .3 3 5 18 .6 160 60 6 .5 10.4
25 184 30 0 .1 4 4 7 0 .3 1 5 17 .8 140 65 6.6 7 .8
26 16 .9 170 6 0 6 .6 4 8
27 17 140 6 0 6 .4 8 6.6
28 190 35 0 .1 5 8 8.1 0 .3 2 5 16 180 60 6 .7 11.1
29 190 30 0 .1 0 9 9 .6 7 .6 0 .2 9 7 15 .9 140 55 6 .7 7 .7
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30 192 30 0.701 0.101 7 .5 0 .2 8 4 16 130 55 6.6 6.1
31 191 35 0 .1 0 3 7.1 0 .271 16 120 55 6 .7 6 .5
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APPENDIX B -  STANDARD OPERATING PROCEDURES
• CARBOHYDRATE MEASUREMENT BY THE PHENOL-SULFURIC ACID 
ASSAY
• PROTEIN MEASUREMENT BY THE LOWRY METHOD
• C 0 2 RESPIRATION
• MICROBIAL BIOMASS MEASUREMENT BY PHOSPHOLIPID 
EXTRACTION
• DETECTION OF TOTAL COLIFORMS / E. COLI
• ULTRAVIOLET ABSORBANCE (UV254)
• TOTAL ORGANIC CARBON
• ENUMERATION OF GREEN FLUORESCENT PROTEIN (GFP) -  LABELED 
E. COLI FROM WATER SAMPLES
• ENUMERATION OF GREEN FLUORESCENT PROTEIN (GFP) -  LABELED 
E. COLION  SAND AND SCHMUTZDECKEN
• ENUMERATION OF PROTISTS BY PRIUMLIN STAINING FROM WATER 
SAMPLES
• ENUMERATION OF PROTISTS ON SAND AND SCHMUTZDECKEN BY 
PRIMULIN STAINING
• CHROMIC ACID WASH STATIONS
1 5 2
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Standard Operating Procedures 
CARBOHYDRATE MEASUREMENT 
BY THE PHENOL-SULFURIC ACID ASSAY
Principle
The phenol-sulfuric acid method is used to determine total carbohydrate in a 
sample. This method detects all classes of carbohydrates including mono-, di-, oligo- and 
polysaccharides. However, the absorptivity of different carbohydrates varies, so the 
results are expressed in terms of glucose.
The concentrated sulfuric acid breaks down any polysaccharides, oligosaccharides 
and disaccharides into monosaccharides. Pentoses (5-carbon compounds) and hexoses (6- 
carbon compounds) are then hydrated to fural and hydroxymethyl fural. The fural 
compound further reacts with phenol to produce a furan derivative that has a stable 
yellow-gold color. The concentration of the carbohydrate is then determined by 
measuring the absorbance at 485 nm and comparing to a standard curve using glucose.
\
Sample Collection and Storage
Sand samples are stored at 4°C in chromic-acid washed glass jars with screw caps 
completely submerged in water from their environment.
Maximum holding time: 24 hours.
Equipment
a. 10 mL twist-cap test tubes
b. Vortex mixer
c. Pipettors and tips
d. Water bath
e. 500 mL volumetric flask
f. Matched quartz cuvettes, 1.0 cm pathlength
g- Spectrophotometer
h. Small scoop or spoon
Reagents
RO laboratory grade water 
Dextrose (powder)
5% aqueous phenol (vol/vol)
Concentrated (36 N) sulfuric acid H2SO4
Glucose (dextrose) standards (see “Calculations” below)
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Method
Prepare glucose standard:
1. Glucose standard stock = 100 pg/mL =100 mg/L
Dilute 50 mg Dextrose to 500 ml with RO water.
2. Make 2.0 mL of each standard directly in 10 mL test tubes. Prepare standards in 
duplicate:
2 mL x Goal ConcentrationVol Stock =
100 pg/mL
Volumes of diluent and glucose stock needed prepare glucose standards with 
concentrations between 0 and 100 pg/mL. The last column is the total mass of 










Total Mass Glucose 
in 2 mL Standard 
(Pg)
0 0 2.0 0
10 0.2 1.8 20
15 0.3 1.7 30
25 0.5 1.5 50
50 1.0 1.0 100
75 1.5 0.5 150
100 2.0 0 200
Analysis:
a. Thoroughly stir sand sample in collection vial with metal spoon.
b. Transfer 0.1 g wet sand to test tube.
c. Add 2 mL RO water.
d. For calibration curve standards: add 2.0 mL of respective standard only; do not 
add RO water.
e. Under the hood, add 1.0 mL 5% aqueous phenol.
f. Add 5.0 mL concentrated sulfuric acid rapidly and directly.
g. Allow to cool to room temperature (-10 minutes).
h. Mix with vortex mixer 10 second.
i. Incubate in water bath at 28°C for 15 minutes.
j. Measure absorbance with spectrophotometer at 485 nm against a reagent blank, 
k. Pour the colored liquid from the test tube directly into the cuvette to minimize 
cloudiness caused by pipetting.
1. Between samples, rinse cuvette lx  with RO water and lx  with a small volume of 
the next sample.
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Calculations
Calibration Curve:
2.0 mL RO water are added to each sand sample before adding reagents in order 
to keep the total volume after reagent addition equal to the volume of the standards after 
reagent addition. Therefore, there is no effect of dilution, and the calibration curve can 















150 2000 50 100
G lu c o s e  M a s s  A n a ly z e d ,  pg  
Sample calibration curve. (June 22,2005)
To calculate the final concentration of carbohydrate per gram of dry sand, simply 
read the mass of carbohydrate in the sample from the calibration curve and divide by the 
dry mass of the sample.
gdw
where, Cs is the concentration of carbohydrate per gram of dry sand sample (pg/g), M  is 
the mass of carbohydrate in the analyzed liquid read from the calibration curve (pg), and 
gdw is the mass of the dry sand sample (grams).
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Quality Control
a. Blanks: zero spectrophotometer with reagent blank. Readback blank every 10 
samples and at end of run to monitor for drift.
b. Replication: analyze every sample at least in duplicate.
References
a. Dubois M., K. A. Gilles, J. K. Hamilton, P. A. Rebers Smith (1956). 
“Colorimetric method for determination of sugars and related substances.” 
Analytical Chemistry 28:350-356.
b. Hirst, C. N., H. Cyr, and I. A. Jordan (2003). “Distribution of exopolymeric 
substances in the littoral sediments of an oligotrophic lake.” Microbial Ecology 
46(1): 22-32.
c. Martin-Doole, M. (2004). Laboratory Procedures for the New England Water 
Treatment Technology Assistance Center, University of New Hampshire.
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Standard Operating Procedures 
PROTEIN MEASUREMENT BY THE LOWRY METHOD
Principle
Protein reacts with cupric sulfate and tartrate in an alkaline solution to form 
tetradentate copper-protein complexes. These complexes reduce the Folin-Ciocalteu 
reagent. The resulting blue color can be read spectrophotometically at 750 nm. The 
Lowry method is sensitive to low concentrations of protein. A kit supplied by Pierce 
(Rockford, IL) pre-formulates the reagents of the traditional Lowry method.
Sample Collection and Storage
Sand samples are stored at 4°C in chromic-acid washed glass jars with screw caps 
completely submerged in water from their environment.
Maximum holding time: 24 hours.
Equipment
a. 5 mL twist-cap test tubes
b. Disposable centrifuge tubes
c. Vortex mixer
d. Pipettors and tips
e. Matched quartz cuvettes, 1.0 cm pathlength
f. Spectrophotometer
g- Small scoop or spoon
Reagents
1 N Folin-Ciocalteu reagent
Dilute the supplied 2 N Folin-Ciocalteu reagent 1:1 with RO water. 
Modified Lowry Reagent from Pierce kit 
Bovine Serum Albumin (BSA) stock from Pierce kit
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Method
Prepare BSA standard:
1. Make each standard in disposable centrifuge tubes according the table below. 
BSA stock concentration is 2 mg/mL = 2000 pg/mL.
Volumes of diluent and BSA stock needed to prepare protein standards with 
concentrations between 0 and 100 pg/mL. The last column is the total mass of 
protein in 0.2 mL of standard added to each reaction test tube.
BSA Standard Volume of Volume of Total Mass Protein
Concentration BSA Stock Diluent Water in 0.2 mL Standard
(pg / mL) (pL) (pL) (Pg)
0 0 1 0 0 0 0
25 100 pL of 250 
pg/mL std.
900 5
250 125 875 50
750 375 625 150
1500 750 250 300
a. Mix each sand sample thoroughly with metal scoop and transfer 0.2 g into a test 
tube.
b. Add 0.2 mL RO water.
c. For calibration curve samples: pipette 0.2 mL of the respective standard only 
into a test tube; do not add RO water.
d. At 15-second intervals, add 1.0 mL Modified Lowry Reagent to each test tube. 
Mix well with vortex mixer (5 seconds) and incubate at room temperature (RT) 
for exactly 1 0  minutes.
e. Exactly at the end of each tube’s 10 minute incubation period, add 100 pL 
prepared 1 N Folin-Ciocalteu reagent and immediately vortex (5 seconds). 
Maintain the 15-second interval between tubes established in Step C.
f. Cap and incubate at RT for 30 minutes.
g. Measure absorbance with spectrophotometer at 750 nm against a reagent blank.
h. Use a pasteur pipette to transfer samples from test tubes to the cuvette.




Prepare a calibration curve by plotting absorbance vs. standard mass of protein 
analyzed as shown in the sample calibration curveError! Reference source not found..
0.2 mL RO water were added to each sand sample before adding reagents. For this 
reason, the total volume in the sand extract tubes was equal to the volume in the 
calibration curve standard test tubes. Therefore, there was no effect of dilution, and the
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calibration curve could be a plot of absorbance vs. mass instead of absorbance vs. 
concentration. The curve is best fit by a power equation of the form y = axb.












0 200 4 0 0 6 0 0 8 0 0 10 0 0  1 2 0 0  1400  1600
BSA concentration (ug/mL)
Sample calibration curve. (June 22,2005)
To calculate the final concentration of protein per gram of dry sand, simply read 
the mass of protein in the sample from the calibration curve and divide by the dry mass of 
the sample.
gdw
where, Cs is the concentration of protein per gram of dry sand sample (pg/g), M is the 
mass of protein in the analyzed liquid read from the calibration curve (pg), and gdw is the 
mass of the dry sand sample (grams).
Quality Control
a. Blanks: zero spectrophotometer with reagent blank. Readback blank every 10 
samples and at end of run to monitor for drift.
b. Replication: analyze every sample at least in duplicate.
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References
a. Lowry, O.H., et al. (1951). Protein measurement with the Folin Phenol Reagent. 
J. Biol. Chem. 193:267-275.
b. Pierce Biotechnology, Inc. (2003). Instructions: Modified Lowry Protein Assay 
Kit (Product Number 23240). Rockford, IL.
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Standard Operating Procedures 
C 0 2 RESPIRATION 
Principle
Aerobes convert oxygen to carbon dioxide. Wet sand is sealed in a jar with a 
rubber septum, and measuring the CO2 concentration of the air after a specified amount 
of time (24 hours) provides an indication of microbial activity.
Sample Collection and Storage
Sand samples are stored at 4°C in chromic-acid washed glass jars with screw caps 
completely submerged in water from their environment.
Retain some influent challenge water in a separate container for blank analysis 
and refrigerate.
Maximum holding time: 24 hours.
Equipment
a. 20 mL vials with rubber septa
b. Licor 6252 CO2 analyzer (IRGA)
c. Incubator adjusted to 25°C
d. Syringes of 5 and 50 mL
Reagents
a. RO water
b. Carbon dioxide standard (gas cylinder)
c. Compressed air zero grade (gas cylinder)
Method
Incubation
a. Weigh empty 20 mL vial w/o cap. Tare empty vial. Add 1 g wet sand.
b. Add 0.1 mL of appropriate water. For SSF, use feed water from the corresponding
filter.
c. Prepare duplicate water blanks from each filter’s influent: Add 0.1 mL of 
appropriate water and no sand.
d. Cap each vial with rubber septum and seal with metal ring.
e. Incubate at 25°C for 24 hours.
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CO? Analysis
a. Take all jars out of the incubator.
b. Set up the Licor 6252 CO2 analyzer according to posted instructions.
c. Establish a standard curve before analyzing samples. Make sure that the standard 
curve brackets all samples. Standards used were: 0.5 mL, 2.0 mL, 5.0 mL, 10.0 
mL, and 20.0 mL.
d. Pump syringe with ambient air 3 times to rinse.
e. Plunge syringe in sample jar or vial and pump syringe (valve open) 3 times with 
4-5 mL of sample, then take a 4 mL sample and close valve.
f. Open syringe valve, bring sample volume to down to 3 mL. Inject the 3 mL 
sample in the CO2 analyzer and wait for reading (integration value) to stabilize. 
The integration value should fall below 1 pmol/mol, preferably <0.5 pmol/mol.
g. Record value.
h. Repeat all steps for each sample.
Calculations
1. Convert mL of CO2 standard to pmol using the ideal gas law, assuming a pressure of 1
atm and a temperature of 22.5°C:
mLCO, mLCO,pmol CO, = ----------   = ------------ —
2 RT  0.082*295.5
2 . Convert pmol CO2 to pg carbon:
12.012gCpgC = pm olC02 *
mol CO 2
3. Generate a calibration curve of IRGA reading vs. pg C.
3. Convert pg C from calibration curve to CO2 respired as pg C per gram dry weight sand 
and time:
pgC _ 22.66 mL in jar 1 1 _ * * *------
gdw-day 3 mL analyzed grams sand dry weight lday
Quality Control
a. Replicates: analyze each sample at least in duplicate.
b. Blanks: use water blanks to correct for contributions from microorganisms in 
water.
References
a. Knorr, M. (2005). Personal communication.
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Standard Operating Procedures 
MICROBIAL BIOMASS MEASUREMENT 
BY PHOSPHOLIPID EXTRACTION 
Principle
Phospholipids are ubiquitous in cell membranes and are turned over relatively 
quickly during metabolism. They are therefore a good indicator of viable biomass. This 
method eliminates some of the difficulties of other biomass measurements because it is 
performed in situ, thus avoiding the use of surfactants and their associated variability in 
recovery.
Lipids are extracted in a mixture of methanol, chloroform and water. After the 
extraction is completed, more chloroform and dilute sulfuric acid are added to separate 
the solvents, causing the lipids to settle in the chloroform phase below the water and 
methanol. Lipid-containing chloroform is withdrawn and dried under nitrogen. 
Phosphate is then liberated by oxidation with potassium persulfate and colored by 
reaction with ammonium molybdate and malachite green to form a lime green solution 
that is analyzed colorimetrically.
Sample Collection and Storage
Sand samples are stored at 4°C in chromic-acid washed glass jars with screw caps 
completely submerged in water from their environment.
Maximum holding time: 24 hours. An analysis by Page (1997) found no 





c. Matched quartz cuvettes, 1.0 cm pathlength
d. 20 mL and 10 mL vials with TFE-lined screw caps
e. Syringes
f. Pipetters
g. Compressed nitrogen tank and manifold 
Reagents
Concentrated Sulfuric Acid (36 N) H2SO4 and Dilutions ( 6  month storage)
0.36 N H2S 04:
Dilute 10 mL stock to 1 L with distilled RO water 
5.72 N H2SO4
Dilute 159 mL stock to 1 L with distilled RO water 
Chloroform, pesticide grade 
Methanol, pesticide grade 
Nitrogen Gas, pre-purified 
Acidified Water ( 6  month storage refrigerated)
164
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Dilute 4.0 mL H2SO4 stock (36 N) to 500 mL with distilled RO water 
Potassium Persulfate ( 6  month storage)
5% K2S2SO4 in 0.36 N H2S 04:
Dissolve 5 g K2S2SO4 with 0.36 N H2SO4 to 100 mL 
Ammonium Molybdate ( 6  month storage)
2.5% (NH4)6Mo7024*4H20  in 5.72 N H2S 04:
Dissolve 2.5 g (NfLOeMovC^^FLO with 5.72 N H2SO4 to 100 mL 
Malachite Green ( 6  month storage in the dark)
0 .1 1 1 % polyvinyl alcohol and 0 .1 1 1 % malachite green in water:
Dissolve 0.555 g polyvinyl alcohol (100% hydrolyzed) in 500 mL 
distilled RO water at 80°C, cool, then add 0.555 g malachite green. 
Ensure thoroughly mixed (no precipitate) before each use. 
Potassium Phosphate Standard 0.2 mM (prepare fresh daily)
KH2PO4 Molecular Weight =136 g/mol
1) Make 2 M stock: Dissolve 0.272 g KH2PO4 in 1 L distilled RO water





a. Weigh empty 20 mL vial w/o cap. Tare empty vial. Add 1 g wet sand.
b. Under the fume hood: Add 2.5 mL chloroform and 5.0 mL methanol, cap tightly, 
swirl by hand for 1 0  sec.
c. Let vials stand 2 - 2 4  hours ( 6  hours used in this study) to allow biomass to be 
extracted by solvent. Record standing time allowed.
d. Add 2.5 mL chloroform and 4.0 mL acidified water, tighten cap, and swirl for 10 
sec. The chloroform phase is now below the water and methanol.
e. Let vials stand overnight (16 hours used in this study).
Day 2
Extraction (cont’d)
a. Using a needle-tipped syringe, transfer 2 mL of chloroform extract to 10 mL 
vials. Rinse syringe 2x with chloroform and lx  with the next sample before 
extracting the next sample.
b. Create standards. Add 0, 10, 25, 50, 75, and 100 uL potassium phosphate 
standard solution to 10 mL vials in triplicate.
c. Dry down chloroform extracts and standards under nitrogen stream at 15 psi in a 
50 C water bath. Use a test tube rack and manifold to dry many samples at once.
Digestion
a. Add 0.9 mL potassium persulfate reagent to each dried standard and sample. 
Tighten caps.
b. Place in 103°C oven overnight.
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Day 3
Color Change
a. Allow vials to cool to room temperature.
b. Add 0.2 mL ammonium molybdate, mix by hand, let stand for 10 min.
c. Add 0.9 mL malachite green, mix by hand, let stand 30 min. N.B.: Malachite 
green must be thoroughly stirred before use.
d. N.B.: If a yellow color develops instead of a green color, potassium persulfate 
may be expired, and organic carbon is interfering with the color change. Make 
fresh potassium persulfate reagent.
Measurement
a. Measure absorbance with spectrophotometer at 610 nm against RO water. Zero 
on RO water.
b. Between samples, rinse cuvette lx  with methanol, lx  with RO water, and lx  with 
a small volume of the next sample.
Dry Weight Determination
a. Decant excess liquid from 20 mL vials into hazardous waste container.
b. Dry at 60°C for at least 48 hours. Studies found no significant reduction in weight 
drying at 103°C vs. 60°C or when drying longer than 48 hours.
c. Weigh sample and vial and subtract vial weight to determine dry sample weight.
Calculations
1. Calculate final PO43' concentration in 10 mL vials for calibration curve:
Let Vbe the volume of standard added to the vial before drying.
1) Moles KH2PO4 in vial = 0 . 2  x 1 0 ' 3 m° 1K^ 2 PQi- * y  .
2 ) KH2PO4 dissociates according to the equation
KH2PO4 K+ + 2 H+ + P0 43',
•5
so 1 mole KH2PO4 corresponds to 1 mole PO4 ".
3) Phosphate is digested by addition of 0.9 mL potassium persulfate and then 
reacted with 0.2 mL ammonium molybdate and 0.9 mL malachite green for a 
final volume of 2.0 mL.
4) Let Va = 0.002 L represent this final volume.
5) Then, the final concentration, C /, of phosphate before spectrophotometry is 
given by:
.3 m olK H 2P 0 40.2x10
C f = --------------------   *V  = 0.1F
f  - 0.002 L
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Volume Phosphate Standard 
Dried, V  (uL)
Final Concentration of Phosphate in 2 
mL Reagents Analyzed, C/-(umol/L)
0 0




1 0 0 1 0
2. Determine phosphate concentration, C/, from dried sample extracts using calibration 
curve.
3. Calculate moles PO43" per gram dry weight of original sample:
3 Cf * V. * 5 mL chloroform total * 1000 nm°  ^
nmolP0 4 =  //mol
gdw (2 mL chloroform extracted)(g dry sand)
g dry sand
Quality Control
c. Blanks: zero spectrophotometer with RO water blank. Readback blank every 10 
samples and at end of run to monitor for drift.
d. Replication: analyze every sample at least in duplicate and preferably in triplicate.
e. LOD/MDL/LOQ: Estimated LOD was 1 nmol PO4 for a 2 mL volume of 
chloroform extracted (Wang 1995).
f. Avoid phosphorus contamination
References
a. Findlay, R. H. et al. (1989). “Efficacy of phospholipid analysis in determining 
microbial biomass in sediments.” Applied and Environmental Microbiology 
55(11): 2888-2893.
b. Mercier, D. J. (1998). “Characterization and treatability of natural organic matter 
from the Croton Reservoir pilot study II.” M.S. Thesis, University of New 
Hampshire.
c. Page, T. G. (1997). “GAC sandwich modification to slow sand filtration for 
enhanced removal of natural organic matter.” M.S. Thesis, University of New 
Hampshire.
d. Wang, J. (1995). “Assessment of biodegradation and biodegradation kinetics of 
natural organic matter in drinking water biofilters.” Ph.D. Dissertation, 
University o f Cincinatti.
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e. White, D. C. et al. (1979). “Determination of the sedimentary microbial biomass 
by extractible lipid phosphate.” Oceologia 40:51-62.
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Standard Operating Procedures 
DETECTION OF TOTAL COLIFORMS / E. COLI
Principle
The IDEXX Quanti-Tray/2000 provides an easy, rapid and accurate count of 
coliform bacteria and E.coli. The IDEXX Quanti-Tray/2000 is a semi-automated 
quantification method based on the Standard Methods Most Probable Number (MPN) 
model. The Ouanti-Tray® Sealer automatically distributes the sample/reagent mixture 
into separate wells. After incubation, the number of positive wells is converted to an 
MPN using a table provided. Quanti-Tray/2000 counts from 2 to 2,419 MPN / 100 ml.
Sample Collection and Storage
Collect samples in autoclave-sterilized bottles.
Seal each sample bottle individually in a plastic bag.
Transport in a cooler with ice to the lab and place immediately in the refrigerator
at 4°C.
Maximum storage time is 24 hours.
Equipment
a. 100 ml autoclave-sterilized Pyrex vials with lids
b. Quanti/Tray 2000® trays
c. Ouanti-Tray® Sealer
d. Incubator





a. Turn sealer on to warm up for 20 min.
b. Pipette 99 mL of sterile water into the pyrex bottles.
c. Add 1 lmL of sample from the sampling container to one pyrex bottle (a 10 fold 
dilution).
d. Shake for 20 seconds.
e. Transfer 1 lmL from the first bottle to another pyrex bottle (another 10 fold 
dilution).
f. Repeat steps c-e until a dilution bottle has an expected concentration of 10-1000 
MPN/lOOmL.
g. Pipette off lOmL to achieve lOOmL in the dilution bottle.
h. Add Colilert® Powder reagent to sample and shake until fully dissolved.
i. Pour sample/reagent into Ouanti-Trav®/2000 (counts from 1 -2,419). 
j. Seal in Ouanti-Tray® Sealer and place in 37°C incubator
k. 24 hours later count positive wells and refer to MPN table.
•  Yellow wells = positive for total coliforms
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• Yellow and UV-fluorescent wells = positive for E. coli
Calculations
Count large and small wells that have turned yellow and also fluoresce magenta 
under the UV light. Consult MPN table provided and record results as MPN/lOOmL. Use 
the number of dilutions, n, to calculate the sample concentration by dividing by 10'”. 
ex) # of dilutions, n = 3
Large wells positive = 40 
Small wells positive = 7
Lookup MPN on IDEXX table = 90.8 MPN / 100 mL
Cone in dilution 90.8MPN/100mL nU/raxr/i on tSample Cone = --------------------- = ------------- -----------= 9.08 x 10 MPN/1 OOmL10-  ! 0
Quality Control
Run negative controls (sterile water + reagent) and positive controls (sterile water 
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Standard Operating Procedures 
ULTRAVIOLET ABSORBANCE (UV254)
Principle
Beers Law states that absorbance is proportional to the concentration of the 
analyte for a given absorption pathlength at any given wavelength. UV absorbance at 254 
nm is a useful surrogate parameter for estimating the raw water concentrations of organic 
carbon and THM precursors {Standard Methods 2006).
Apparatus
a. Hitachi UV2000 spectrophotometer




Collect samples in 40 mL amber TOC vials that have been washed with chromic 
acid and baked 90 min. in a muffle furnace at 550°C to mineralize all organic matter.
Store at 4°C.
Holding time: < 48 hours.
Method
a. Remove samples from refrigerator and allow to warm to room temp.
b. Set spectrophotometer to measure wavelength 254 nm.
c. Zero machine on RO lab water blank.
d. Rinse cuvette with RO water twice; then fill with at least 1.5 ml of sample.
e. Wipe cuvette with kimwipe to be sure it is dry and free of smudges.
f. Measure and record absorbance.
g. Analyze sample aliquots in duplicate (triplicate if  discrepancy).
Quality Control
a. Blanks every 8 samples to check for drift.
b. Run duplicate samples from a random source each round of sampling.
c. For this method (not same instrument) the standard deviation of duplicate samples 
was ±0.011 cm-1. The standard deviation of duplicate measurements was ±0.002 
cm'1. (Collins et al. 1989)
Hitachi UV2000 Specificattions
Range Reproducibility Accuracy
0-0.5 abs. ±0.001 ± 0.002
0.5-1.0 abs. ±0.002 0.004 ±
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Care for cuvettes
a. Periodically clean cells by rinsing with methanol then RO water, or use phosphate 
free soap.
b. Take care not to drop, scratch or in any way damage the cells.
Instrument Setup
a. Select Photometry in Main Menu using arrow keys; press ENTER.
b. Select Test Setup: set/check set to 254 nm wavelength.
c. Press FORWARD; machine will align to 254. nm. Wait for 30 minutes for the lamp to 
warm up.
d. Press AUTOZERO to zero on blanks.
e. Press start to measure absorbance of samples.
References
APHA, AWWA, WEF (2006). Standard Methods for the Examination o f Water 
and Wastewater. 21st Ed.
Page T. G. 1997. “GAC Sandwich Modification to Slow Sand Filtration for 
Enhanced Removal o f Natural Organic Matter” Masters thesis, University of New 
Hampshire, Durham, NH.
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Standard Operating Procedures 
TOTAL ORGANIC CARBON 
Principle
Organic carbon is oxidized to carbon dioxide by persulfate in the presence of 
ultraviolet light. The carbon dioxide produced is measured directly by a non-dispersive 
infrared analyzer.
Sample Collection and Storage
Collect samples in 40-mL amber TOC vials that have been washed with chromic 
acid and combusted at 550 degrees Celcius for 90 minutes to remove all organic matter. 
Preserve with concentrated H3PO4 to pH < 2.
Refrigerate.
Holding time: < 2 weeks with acid preservation.
Equipment
a. Sievers Model 800 TOC Analyzer with Autosampler
b. Aluminum foil
c. Vials, 40 mL amber glass TOC vials 
Reagents
a. Potassium persulfate solution, 15%. Shelf life: approximately 90 days.
b. Potassium acid phthalate (KHP), KHC8H4O8 for standards
Method
Prepare KHP standards:
1. Prepare 1000 mg/L stock: dissolve 2.1254 g KHC8H4O8 (dried to constant weight 
at 103 degrees Celcius) in RO lab water and dilute to 1000 mL.
2. Make standards according to the table below.
Volumes of standard stock and RO lab water diluent to make TOC standards.
Standard Concentration, mg/L Volume of 1000 mg/L 
Stock
Dilute to:
0.5 1 mL 2 L
1 . 0 1 mL 1 L
2 . 0 2 mL 1 L
5.0 5 mL 1 L
1 0 . 0 5 mL 500 mL
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Run TOC Analyzer
a. Start TOC analyzer, autosampler, computer, and printer.
b. Open TOC analyzer software program.
c. Fill TOC vials with standards: 1 for each point on the calibration curve and 1 
standard of random concentration for every 8 samples.
d. Cover each vial with a small piece of aluminum foil in place of the cap. Be 
careful not to leave fingerprints on the foil over the vial opening. Fingerprints 
will be detected by the analyzer as the probe punctures the foil.
e. Arrange samples and standards. A typical run has the following sequence:
Run order for TOC samples and standards.
Position Sample or Standard
1-2 RO blank
3-7 Standards: one of each, randomized
8-15 Samples and/or sample duplicates, randomized
16 Randomly selected standard readback
{repeat 8 samples and 1 standard until all samples and duplicate have been analyzed}
{last 3 spots} RO blanks
f. Mount the samples and standards in the autosampler and enter their labels into the 
computer software.
g. Enter the oxidation and acid rates for each sample and standard:
Acid and oxidation rate settings for standard or sample concentrations.
Concentration Acid Rate Oxidation Rate
RO blank 0.5 0.5
0.5 mg/L standard 0.5 1.0
All others 1.0 2.0
h. Run the collection program. The analyzer will take three readings from each 
sample or standard and calculate an average and standard deviation.
Calculations
a. Calibration Curve: Plot the measured concentrations against the expected standard 
concentrations and fit a calibration curve using linear regression as shown below.
b. Calculate the sample concentration by substituting the instrument reading 
(average of 3 readings for each sample) into the calibration curve equation.
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2 4 6 8 10
Standard TOC Concentration (mg/L)
12
Sample TOC calibration curve (June 22,2005).
Quality Control
Readbacks: random standard after every 8 samples.
Duplicates: analyzed at least 2 duplicate every run.
References
Mercier, David J (1998). Characterization and treatability of natural organic 
matter from the Croton Reservoir -  Pilot Study II. M.S. Thesis. Univ. of New 
Hampshire.
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Standard Operating Procedures 
ENUMERATION OF GREEN FLUORESCENT PROTEIN (GFP) -  LABELED
E. COLI FROM WATER SAMPLES 
Principle
E. coli, which have been genetically coded to produce the green fluorescent 
protein (GFP), can be used as challenge organisms and differentiated from naturally 
occurring bacteria. GFP fluoresces under UV light, allowing GFP-labeled E. coli to be 
enumerated by means of epifluorescent microscopy.
Equipment
a. Vortex mixer
b. 10 mL sterile centrifuge tubes
c. Sterile microscope slides and coverslips
d. Microscope equipped with Hg fluorescent lamp: Nikon Optiphot (Melville, NY), 
100W mercury vapor lamp, Nikon B-2H filter cube (setting of 510 nm dichroic 
mirror, 450-490 nm excitation, and 515F barrier filter)
e. Cellulose nitrate backing filters: Whatman, 0.45 pm, 25 mm diameter
f. Black polycarbonate filters: Whatman, 0.2 pm, 25 mm diameter
g. 12-well Millipore filtration apparatus with vacuum pump
Reagents
a. Sterile RO water
b. 10 %Glutaraldehyde and 10% Cacodylic Acid fixative solution
i. 5 g cacodylic acid
ii. 20 mL of 25% gludaraldehyde stock
iii. 30 mL distilled water
iv. filter through 0.22 micron syringe filter into sterilized bottle
Collection of Samples
Collect samples in sterile containers.
Transport and store at 4°C
Fix immediately after returning to the lab.
• Use 10 %Glutaraldehyde and 10% Cacodylic Acid fixative solution in a 
ratio of 1:10, fixative : sample.
• Fix the smallest volume aliquot of the sample as necessary to minimize 
waste.
Fixed samples can be help up to 7 days before filtering and counting.
Maximum holding time of 24 hours at 4°C before fixing.
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Method
Filtering
a. Mount a nitrate cellulose backing filter with a drop of sterile RO water. Use the
desired number of filters, leaving well 12 free.
b. Mount a black 0.2 micron filter dark side up over the backing filter.
c. Set the top section of the 12-well filtration apparatus in place on the blue base,
and tighten the screw.
d. Plug each well that does not contain a filter with a blue plug except for well 12.
e. Cover each filter with a few mL of sterile RO water.
f. Turn on the vacuum pump. Never use a vacuum above 5 psi to avoid
rupturing the filter!
g- Plug well 12 to create a vacuum and filter the RO water.
h. Remove the plug from well 12 whenever adding a new reagent, and plug well 12
to filter.
i. Filter desired volume of sample.
j- Wash wells with sterile RO and filter to ensure all microspheres reach the filter.
k. Place filters stained side up in weigh dishes in a drawer overnight (or until dry).
Mounting on Slides
a. Place a drop of immersion oil in the center of a slide.
b. Using tweezers, place the filter on the oil drop. Avoid air bubbles.
c. Place another drop of immersion oil on top of the filter.
d. Mount a coverslip. Use tweezers to press air bubbles out edge of coverslip.
e. Ensure enough oil has been used to saturate filter.
Counting
a. Allow the UV lamp to warm up for 15 minutes.
b. Counting Scans
a. Mount the scanning jig on the microscope stage. Using the 60x Nikon 
objective lens, the scan length is 11.10 mm.
b. Use the Nikon B-2H filter cube.
c. Perform the necessary number of scans to count 300 bacteria. Select the 
location of each scan randomly.
c. Counting Fields
a. If each field contains more than 5 bacteria, it is more efficient to count 
fields than scans.
b. You do not need the scanning jig. Using the 60x Nikon objective lens, 
whipple disk in the center of the field of view is 72.5 pm x 72.5 pm.
c. Use the Nikon B-2H filter cube.
d. Count enough whipple disks to count 300 bacteria. Select the location of 
each field randomly.
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Calculations
a. Determine the area multiplier, M, for scans:
a. The filtration apparatus wells have a diameter of 18.22 mm and, thus, and 
area of 260.7 mm2.
b. The scans have a length of 11.10 mm. Their width is 0.0725 mm (the 
width of the whipple disk set in the microscope eyepiece). Thus, the scan 
area is 0.80475 mm2.
c. M =  filtration area /scan area = 324.0
b. Determine the area multiplier, M, for fields (whipple disks):
a. The filtration apparatus wells have a diameter of 18.22 mm and, thus, and 
area of 260.7 mm2.
b. The whipple disk is a square with length 72.5 pm. Thus, the whipple disk 
area is 0.00525625 mm .
c. M =  filtration area / whipple disk area = 49603.2
c. Determine number of microspheres, N, in the original sample:
a. N  = average count per scan * M l  volume of sample filtered
b. N.B. Do not include volume of sterile phosphate buffer used to dilute the 
sample in the above calculation.
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Standard Operating Procedures 
ENUMERATION OF GREEN FLUORESCENT PROTEIN (GFP) -  LABELED 
E. COLI ON SAND AND SCHMUTZDECKEN
Principle
E. coli, which have been genetically coded to produce the green fluorescent 
protein (GFP), can be used as challenge organisms and differentiated from naturally 
occurring bacteria. GFP-labeled E. coli are then extracted from filter sand or the 
schmutzdecke with a sodium pyrophosphate surfactant and filtered onto black filters.
GFP fluoresces under UV light, allowing GFP-labeled E. coli to be enumerated by means 
of epifluorescent microscopy.
Equipment
a. 50 mL Erlenmeyer flask
b. Vortex mixer
c. 10 mL sterile centrifuge tubes
d. 150 mL Whirl-Pak bags (Nasco Inc., Loves Park, IL)
e. Sterile microscope slides and coverslips
f. Microscope equipped with Hg fluorescent lamp
g. Cellulose nitrate backing filters: 0.45 pm, 25 mm diameter
h. Black protist filters: Micronsep, cellulosic, 0.8 pm, 25 mm diameter
i. 12-well Millipore filtration apparatus with vacuum pump
Reagents
a. 0.1 % sodium pyrophosphate (autoclave-sterilized)
a. 1 g sodium pyrophosphate
b. 1 L RO lab water
b. 10 %Glutaraldehyde and 10% Cacodylic Acid fixative solution
i. 5 g cacodylic acid
ii. 20 mL of 25% gludaraldehyde stock
iii. 30 mL distilled water
iv. filter through 0.22 micron syringe filter into sterilized bottle
c. Sterile Phosphate Buffer pH = 7 (Sinclair and Ghiorse, 1987)
a. 2.2 mM KH2P 0 4 x 1 L x 136.1 g/mol = 0.299 g KH2P 0 4 / L
b. 4.02 mM K2H P04 x 1 L x 174.2 g/mol = 0.700 g KH2P 0 4 / L
c. Dilute with distilled water to 1 L in a volumetric flask.
d. Transfer to a chromic acid-washed wide-mouthed amber bottle.
e. Autoclave 20 min at 121 °C.
Collection of Samples
Drain pore water from filters.
Return filters to lab intact.
Continue immediately with extraction and fixing described below.
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Method
Extraction
a. Empty filter sand onto autoclave-sterilized aluminum foil sheet.
b. Cut desired cross section of filter sand with a metal knife or flat end of a metal 
scoop.
a. Rinse with RO water and wipe with a Kim-wipe between cuts.
c. Transfer cut cross sections of sand into Whirl-pak bags.
d. Mix each sample in the Whirl-pak bags thoroughly with metal scoop to 
homogenize.
a. Rinse scoop with RO water and wipe with a Kim-wipe between samples.
e. Pre-weigh and label each Erlenmeyer flasks.
f. Place approximately 3 grams wet sand into 50 mL Erlenmeyer flask.
g. Add 40 mL 0.1 % sodium pyrophosphate.
h. Shake on a shaker table at 320 rpm for 30 seconds. Pause 30 seconds. Shake 
again at 320 rpm for 30 seconds.
i. Allow flask to sit 30 seconds for heaviest particulate matter to settle out. Then 
extract 3 mL pyrophosphate/bacteria suspension and transfer to a 10 mL sterile 
centrifuge tube. Add 3 mL sterile pyrophosphate for a 1:1 dilution.
j. Immediately fix each centrifuge tube as described below.
Fixing
a. Use 10 %Glutaraldehyde and 10% Cacodylic Acid fixative solution in a ratio of 
1:10, fixative : sample.
b. Fix the smallest volume aliquot o f the sample as necessary to minimize waste.
c. Fixed samples can be help up to 7 days before filtering and counting.
Filtering
a. Mount a nitrate cellulose backing filter with a drop of sterile RO water. Use the
desired number of filters, leaving well 12 free.
b. Mount a black 0.2 micron filter dark side up over the backing filter.
c. Set the top section of the 12-well filtration apparatus in place on the blue base,
and tighten the screw.
d. Plug each well that does not contain a filter with a blue plug except for well 12.
e. Cover each filter with a few mL of sterile RO water.
f. Turn on the vacuum pump. Never use a vacuum above 5 psi to avoid
rupturing the filter!
g- Plug well 12 to create a vacuum and filter the RO water.
h. Remove the plug from well 12 whenever adding a new reagent, and plug well 12
to filter.
i. Filter desired volume of sample.
j- Wash wells with sterile RO and filter to ensure all microspheres reach the filter.
k. Place filters stained side up in weigh dishes in a drawer overnight (or until dry).
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Mounting on Slides
a. Place a drop of immersion oil in the center of a slide.
b. Using tweezers, place the filter on the oil drop. Avoid air bubbles.
c. Place another drop of immersion oil on top of the filter.
d. Mount a coverslip. Use tweezers to press air bubbles out edge of coverslip.
e. Ensure enough oil has been used to saturate filter.
Counting
a. Allow the UV lamp to warm up for 15 minutes.
b. Counting Scans
a. Mount the scanning jig on the microscope stage. Using the 60x Nikon 
objective lens, the scan length is 11.10 mm.
b. Use the Nikon B-2H filter cube.
c. Perform the necessary number of scans to count 300 bacteria. Select the 
location of each scan randomly.
c. Counting Fields
a. If each field contains more than 5 bacteria, it is more efficient to count 
fields than scans.
b. You do not need the scanning jig. Using the 60x Nikon objective lens, 
whipple disk in the center of the field of view is 72.5 pm x 72.5 pm.
c. Use die Nikon B-2H filter cube.
d. Count enough whipple disks to count 300 bacteria. Select the location of 
each field randomly.
Calculations
a. Determine the area multiplier, M, for scans:
b. The filtration apparatus wells have a diameter of 18.22 mm and, thus, and 
area o f 260.7 mm2.
c. The scans have a length of 11.10 mm. Their width is 0.0725 mm (the 
width of the whipple disk set in the microscope eyepiece). Thus, the scan 
area is 0.80475 mm2.
d. M =  filtration area / scan area = 324.0
e. Determine the area multiplier, M, for fields (whipple disks):
f. The filtration apparatus wells have a diameter of 18.22 mm and, thus, and 
area o f 260.7 mm2.
g. The whipple disk is a square with length 72.5 pm. Thus, the whipple disk 
area is 0.00525625 mm .
h. M =  filtration area / whipple disk area = 49603.2
i. Determine the dilution factor, D:
j. D = total volume of pyrophosphate extract generated / volume of extract 
filtered = 40 mL / volume of extract filtered
k. Determine number of protists, N, on original sand sample:
1. N  = average count per scan * D *  M
m. Calculate concentration of protists per gram dry weight sand:
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n. Decant extract from Erlenmeyer flask.
o. Place wet sand in flask into 103°C oven for 24 hours.
p. Weigh flask and dry sand.
q. Determine dry weight, dw, of sand subtracting weight of flask, 
r. Concentration of protists per gram dry weight sand = N  / dw
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Standard Operating Procedures 
ENUMERATION OF PROTISTS BY PRIUMLIN STAINING 
FROM WATER SAMPLES
Principle
Protists in water samples are fixed with glutaraldehyde buffered with cacodylic 
acid and stained with primulin stain. Primulin causes eukaryotic cells to fluoresce 
yellowish-brown under UV light.
Equipment
a. Vortex mixer
b. 10 mL sterile centrifuge tubes
c. Sterile microscope slides and coverslips
d. Microscope equipped with Hg fluorescent lamp
e. Cellulose nitrate backing filters: 0.45 pm, 25 mm diameter
f. Black protist filters: Micronsep, cellulosic, 0.8 pm, 25 mm diameter
g. 12-well Millipore filtration apparatus with vacuum pump
Reagents
a. 10 %Glutaraldehyde and 10% Cacodylic Acid fixative solution
v. 5 g cacodylic acid
vi. 20 mL of 25% gludaraldehyde stock
vii. 30 mL distilled water
viii. filter through 0 . 2 2  micron syringe filter into sterilized bottle
b. Sterile Phosphate Buffer pH = 7 (Sinclair and Ghiorse, 1987)
b. 2.2 mM KH2PO4 x 1 L x 136.1 g/mol = 0.299 g KH2PO4 / L
c. 4.02 mM K2HPO4 x 1 L x 174.2 g/mol = 0.700 g KH2P0 4 / L
d. Dilute with distilled water to 1 L in a volumetric flask.
e. Transfer to a chromic acid-washed wide-mouthed amber bottle.




a. Collect samples in sterile containers.
b. Transport and store at 4°C.
c. Fix immediately after returning to the lab.
• Use 10 %Glutaraldehyde and 10% Cacodylic Acid fixative solution in a ratio 
of 1 :1 0 , fixative : sample.
• Fix the smallest volume aliquot of the sample as necessary to minimize waste.
d. Holding time: < 6  hours.
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Method
Filtering
a. Mount a nitrate cellulose backing filter with a drop of sterile RO water. Use the
desired number o f filters, leaving well 1 2  free.
b. Mount a protist filter dark side up over the backing filter.
c. Set the top section of the 12-well filtration apparatus in place on the blue base,
and tighten the screw.
d. Plug each well that does not contain a filter with a blue plug except for well 12.
e. Fill each well with a filter with a few mL of sterile RO water.
f. Turn on the vacuum pump. Never use a vacuum above 5 psi to avoid 
rupturing the filter!
g. Plug well 12 to create a vacuum and filter the RO water.
h. Remove the plug from well 12 whenever adding a new reagent, and plug well 12 
to filter.
i. Filter 2 mL Tris-HCl through each filter. Wait 2 minutes.
j. Filter another 2 mL Tris-HCl through each filter. Wait 2 minutes.
k. Filter desired volume of fixed protist extract (typically the entire fixed amount).
1. Add 2 mL primulin stain to each well. Cover the entire apparatus with aluminum 
foil to prevent light degradation, 
m. Let primulin stand for 10 minutes. Check periodically to ensure filters remain wet 
with primulin. Add extra as needed to keep filters from drying out. 
n. After 10 minutes, filter remaining primulin.
o. Place filters stained side up in weigh dishes in a drawer overnight (or until dry).
Mounting on Slides
a. Place a large drop of immersion oil in the center of a slide.
b. Using tweezers, place the filter on the oil drop. Avoid air bubbles.
c. Place another large drop of immersion oil on top of the filter.
d. Mount a coverslip. Use tweezers to press air bubbles out edge of coverslip.
e. Ensure enough oil has been used to saturate filter.
Counting
a. Allow the UV lamp to warm up for 15 minutes.
b. Mount the scanning jig on the microscope stage. Using the 60x Nikon objective 
lens, the scan length is 1 1 . 1 0  mm.
c. Use Nikon filter cube B-2H.
d. Perform the necessary number of scans to count 300 protists. Select the location 
of each scan randomly.
e. Criteria to count a protist:
s. fluoresces yellow-green 
t. has even edges
u. is roughly ellipsoid
v. is larger than 3 pm
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Calculations
a. Determine the area multiplier, M, for scans:
c. The filtration apparatus wells have a diameter of 18.22 mm and, thus, and 
area o f 260.7 mm2.
d. The scans have a length of 11.10 mm. Their width is 0.0725 mm (the 
width of the whipple disk set in the microscope eyepiece). Thus, the scan 
area is 0.80475 mm2.
e. M =  filtration area / scan area - 324.0
b. Determine the dilution factor, D:
f. D = total volume of buffer extract generated / volume of extract filtered = 
45 m L / volume of extract filtered
c. Determine number of protists, N, on original sand sample:
g. N =  average count per scan * D * M
d. Calculate number of protists per gram dry weight sand:
h. Determine dry weight of sand be drying Bag 1 with washed sand at 103°C 
for 24 hours and subtracting weight of bag.
i. Number of protists / gram dry weight = N  / dry weight
References
a. Hines, L. E. (1998). The Response of Subsurface Bacteria and Protists to 
an Organic Perturbation: Column Studies. Durham, NH, University of 
New Hampshire Master's Thesis
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Standard Operating Procedures 
ENUMERATION OF PROTISTS ON SAND AND SCHMUTZDECKEN BY
PRIMULIN STAINING 
Principle
Protists associated with the biological mat of the schmutzdecke or sand within a 
biological sand filter are fixed with glutaraldehyde buffered with cacodylic acid and 
stained with primulin stain. Primulin causes eukaryotic cells to fluoresce yellowish- 
brown under UV light.
Equipment
a. Vortex mixer
b. 10 mL sterile centrifuge tubes
c. 150 mL Whirl-Pak bags (Nasco Inc., Loves Park, IL)
d. Sterile microscope slides and coverslips
e. Microscope equipped with Hg fluorescent lamp
f. Cellulose nitrate backing filters: 0.45 pm, 25 mm diameter
g. Black protist filters: Micronsep, cellulosic, 0.8 pm, 25 mm diameter
h. 12-well Millipore filtration apparatus with vacuum pump
Reagents
a. 10 %Glutaraldehyde and 10% Cacodylic Acid fixative solution
i. 5 g cacodylic acid
ii. 20 mL of 25% gludaraldehyde stock
iii. 30 mL distilled water
iv. filter through 0 . 2 2  micron syringe filter into sterilized bottle
b. Sterile Phosphate Buffer pH = 7 (Sinclair and Ghiorse, 1987)
f. 2.2 mM KH2PO4 x 1 L x 136.1 g/mol = 0.299 g KH2PO4 / L
g. 4.02 mM K2HPO4 x 1 L x 174.2 g/mol = 0.700 g KH2PO4 / L
h. Dilute with distilled water to 1 L in a volumetric flask.
i. Transfer to a chromic acid-washed wide-mouthed amber bottle, 




a. Pre-weigh one 150 mL Whirl-Pak bag for each sample.
b. Fill each Whirl-Pak bag with 25 mL sterile phosphate buffer.
c. Drain filter supernatant using either feed port (for pilot filter) or pipette (for lab- 
scale columns) to slightly above top of schmutzdecke.
d. Cut the tip from a 5mL pipette tip and measure the diameter. Using the suction 
provided by the pipette, withdraw the top 5mm of the schmutzdecke and 
underlying sand.
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e. Transport field samples in sterile 150mL Whirl-Pak bags submerged in 25 mL 
sterile phosphate buffer in coolers with ice packs. Immediately after returning to 
the lab, fix samples according to steps below.
Method
Fixing
a. Start with sand in 25 mL S&G buffer in Whirl-Pak bag as collected during 
sampling (see above).
b. Shake gently for 30 sec.
c. Decant buffer into fresh Whirl-Pak (Bag 2).
d. Add 10 mL buffer to sand sample.
e. Shake gently again for 30 sec.
f. Decant buffer, adding to first 25 mL.
g. Repeat steps d-f to achieve a total of 45 mL buffer with dislodged protists in 
Whirl-Pak Bag 2.
h. Set Bag 1 aside for sand dry weight analysis.
i. Pipette 2 mL S&G buffer into each of 2 sterile centrifuge tubes.
j. Shake Bag 2 30 sec, and pipette 1 mL into each of the tubes from step h.
k. Add 0.3 mL of the filter-sterilized 10% glutaraldehyde solution to each tube.
1. Vortex for ~3 sec. and allow to sit for at least 10 min.
m. Fixed protists can be stored up to 5 days.
Filtering
a. Mount a nitrate cellulose backing filter with a drop of sterile RO water. Use the 
desired number o f filters, leaving well 12 free.
b. Mount a protist filter dark side up over the backing filter.
c. Set the top section of the 12-well filtration apparatus in place on the blue base, 
and tighten the screw.
d. Plug each well that does not contain a filter with a blue plug except for well 12.
e. Fill each well with a filter with a few mL of sterile RO water.
f. Turn on the vacuum pump. Never use a vacuum above 5 psi to avoid 
rupturing the filter!
g. Plug well 12 to create a vacuum and filter the RO water.
h. Remove the plug from well 12 whenever adding a new reagent, and plug well 12 
to filter.
i. Filter 2 mL Tris-HCl through each filter. Wait 2 minutes.
j. Filter another 2 mL Tris-HCl through each filter. Wait 2 minutes.
k. Filter desired volume of fixed protist extract (typically the entire fixed amount).
1. Add 2 mL primulin stain to each well. Cover the entire apparatus with aluminum 
foil to prevent light degradation.
m. Let primulin stand for 10 minutes. Check periodically to ensure filters remain wet 
with primulin. Add extra as needed to keep filters from drying out.
' n. After 10 minutes, filter remaining primulin.
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o. Place filters stained side up in weigh dishes in a drawer overnight (or until dry).
Mounting on Slides
f. Place a large drop of immersion oil in the center of a slide.
a. Using tweezers, place the filter on the oil drop. Avoid air bubbles.
b. Place another large drop of immersion oil on top of the filter.
c. Mount a coverslip. Use tweezers to press air bubbles out edge of coverslip.
d. Ensure enough oil has been used to saturate filter.
Counting
a. Allow the UV lamp to warm up for 15 minutes.
b. Mount the scanning jig on the microscope stage. Using the 60x Nikon objective 
lens, the scan length is 11.10 mm.
c. Use Nikon filter cube B-2H.
d. Perform the necessary number of scans to count 300 protists. Select the location 
of each scan randomly.
e. Criteria to count a protist:
w. fluoresces yellow-green 
x. has even edges 
y. is roughly ellipsoid 
z. is larger than 3 pm
Calculations
1. Determine the area multiplier, M, for scans:
2. The filtration apparatus wells have a diameter of 18.22 mm and, thus, and area 
of 260.7 mm2.
3. The scans have a length of 11.10 mm. Their width is 0.0725 mm (the width 
of the whipple disk set in the microscope eyepiece). Thus, the scan area is
0.80475 nun2.
4. M =  filtration area / scan area = 324.0
5. Determine the dilution factor, D:
6. D = total volume of buffer extract generated / volume of extract filtered = 45 
mL / volume of extract filtered
7. Determine number of protists, N, on original sand sample:
8. N  = average count per scan * D * M
9. Calculate number of protists per gram dry weight sand:
10. Determine dry weight of sand be drying Bag 1 with washed sand at 103°C for 
24 hours and subtracting weight of bag.
11. Number of protists / gram dry weight = N /  dry weight
References
a. Hines, L. E. (1998). The Response of Subsurface Bacteria and Protists to 
an Organic Perturbation: Column Studies. Durham, NH, University of 
New Hampshire Master's Thesis
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Standard Operating Procedure 
For
CHROMIC ACID WASH STATIONS
Chemical Name(s): Chromic Acid; Chromerge and Sulfuric acid
Engineering Controls:




Nitrile gloves with Neoprene gloves over them. Tuck arm sleeves into





2. Always add ACID to WATER
3. Rinse dirty glassware at least 3 times with RO water to remove gross 
contamination and minimize acid use.
4. Working in secondary containment, pour a small amount of concentrated chromic 
acid into glassware to be washed. Swirl and then pour and continue to swirl as it 
is poured (pour-n-swirl) into next glassware to be acid washed. Repeat until all 
glassware is coated with acid. When finished, pour the remaining acid from the 
glassware back into the concentrated acid container until the glassware is 
completely empty (i.e., no more dripping coming out). [Note: the concentrated 
chromic acid is spent when the color turns green.]
5. With a wash bottle, spray rinse around the container mouth letting the rinse water 
flow over the inside surface of the container. Pour rinse into a properly labeled 
(yellow label) 4L hazardous waste bottle until completely empty (stops dripping). 
REPEAT 2X. Minimize water use. The key to efficient contaminant removal and 
hazardous waste minimization is multiple rinses using small quantities of water 
with complete drainage between rinses.
6. If gloves or exterior surface of glassware become contaminated with acid or 
neutralizer, rinse with RO wash bottle spray into a beaker. Pour rinse into 
hazardous waste rinse bottle until the beaker is completely empty.
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7. Finally, rinse glassware at least 6 times with RO water or 3 times with RO and 3 
times with better quality water if  appropriate. Discharge rinse water to the sink 
drain.
8. If a spill occurs, cover with neutralizer until reaction stops (excess neutralizer). 
With spatula, scoop the neutralizer into tray and discard into hazardous waste 
bucket labeled “spent chromic acid neutralizer”. Use a yellow hazardous waste 
label. Make sure to put respective cover securely back on the waste bucket.
9. Wet paper towels and sponges should be used to clean spent neutralizer from 
hood surfaces. Used wipers must be disposed in the hazardous waste bucket 
labeled spent chromic acid neutralizer. Immediately clean up any acid or spent 
neutralizer spills to the floor using a wet sponge or paper towel and place in 
hazardous waste bucket labeled spent chromic acid neutralizer.
10. Keep areas clean at all times. Contamination is a health and safety hazard and is 
considered a hazardous waste release by the USEPA and State of New Hampshire 
Department of Environmental Services.
First Aid:
1. WATER, WATER, AND MORE WATER
2. For skin contact -  immediately flush contaminated areas for 15 minutes to ensure 
removal
3. For eye contact -  immediately eye wash 15 minutes
4. For inhalation -  fresh air
5. For ingestion -  get medical attention and provide MSDS sheet of chemical 
swallowed
6. GET MEDICAL ATTENTION
7. Refer to MSDS located in laboratory for further information
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APPENDIX C -  BIOFILM CHARACTERIZATION SUMMARY DATA
The following tables summarize the column designs and results for all studies that 
involved sampling for biofilm characteristics (carbohydrate, protein, respiration, and 
phospholipids). Study names and dates and filter column IDs are repeated in the left- 
hand columns of each page. The design parameters and analytes are repeated in the top 
rows of each page.
For entries of biofilm analyses, the bold value is the average o f all replicates, and 
the italicized value below it is the standard deviation of all replicates.
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Effective S ize L/d HLR
Study Date Sam ple ID (in.) (mm) (mm) (m/h)
Screening S chm utzdecke 1 2 50.8 1.5 34 0.2
Ripened '
5/31/05 S chm utzdecke 2 8 203.2 1.5 135 0.2
S chm utzdecke 3 24 609.6 1.5 406 0.6
S chm utzdecke 4 6 152.4 1.5 102 0.6
S chm utzdecke 5 8 203.2 0.36 564 0.2
S chm utzdecke 6 2 50.8 0.36 141 0.2
Schm utzdecke 7 6 152.4 0.36 423 0.6
Schm utzdecke 8 24 609.6 0.36 1693 0.6 ■
Screening Top 1 1 25.4 1.5 17 0.2
Scraped
6/1/05 Top 2 7 177.8 1.5 119 0.2
Top 3 21 533.4 1.5 356 0.6
Top 4 3 76.2 1.5 51 0.6
Top 5 7 177.8 0.36 494 0.2
Top 6 1 25.4 0.36 71 0.2
Top 7 3 76.2 0.36 212 0.6
Top 8 21 533.4 0.36 1482 0.6
Scour
Simulation ColumnA top 9 228.6 0.4 572 0.6
S eries
Ripened
6/22/05 ColumnB top 9 228.6 0.4 572 0.6
CoiumnC top 9 228.6 0.4 572 0.6
ColumnD top 9 228.6 0.4 572 0.6
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Effective S ize L/d HLR
Study Date Sam ple ID (in.) (mm) (mm) (m/h)
Scour
Simulation ColumnA top 9 228.6 0.4 572 0.6
Parallel
Ripened
7/6/05 ColumnB top 9 228.6 0.4 572 0.6
ColumnC top 9 228.6 0.4 572 0.6
ColumnD top 9 228.6 0.4 572 0.6
Temp
Challenge ColA cold  top 9 228.6 0.4 572 0.6
Parallel
Ripened
8/16/05 ColB cold  top 9 228.6 0.4 572 0.6
ColC cold  top 9 228.6 0.4 572 0.6
ColA warm top 9 228.6 0.4 572 0.6
ColB warm top 9 228.6 0.4 572 0.6
ColC warm top 9 228.6 0.4 572 0.6
L/d v s . 
EBCT 6f 10 254 0.5 508 0.6
10/25/05
12f 10 254 0.25 1016 0.6
6m 10 254 0.5 508 0.4
12m 10 254 0.25 1016 0.4
6s* 5 127 0.25 508 0.2
6 s 10 254 0.5 508 0.2
12s 10 254 0.25 1016 0.2
6fscraped 9 228.6 0.5 457 0.6
12fscraped 9 228.6 0.25 914 0.6
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Sam pled Time Ripened
Study
Date Sam ple ID (min.) (mm) (min. EBCT) (days)
Screening S chm utzdecke 1 15 25.4 7.62 30
Ripened
5/31/05 S chm utzdecke 2 61 25.4 7.62 30
Schm utzdecke 3 61 76.2 7.62 30
S chm utzdecke 4 15 76.2 7.62 30
S chm utzdecke 5 61 25.4 7.62 30
S chm utzdecke 6 15 25.4 7.62 30
Schm utzdecke 7 15 76.2 7.62 30
S chm utzdecke 8 61 76.2 7.62 30
Screening Top 1 8 25.4 7.62 1
Scraped after scraping
6/1/05 Top 2 53 25.4 7.62 1
after scraping
Top 3 53 76.2 7.62 1
after scraping
Top 4 8 76.2 7.62 1
after scraping
Top 5 53 25.4 7.62 1
after scraping
Top 6 8 25.4 7.62 1
after scraping
Top 7 8 76.2 7.62 1
after scraping
Top 8 53 76.2 7.62 1
after scraping
Scour
Simulation ColumnA top 23 25.4 2.54 12
S eries
Ripened
6/22/05 ColumnB top 23 25.4 2.54 12
in series
ColumnC top 23 25.4 2.54 12
in series
ColumnD top 23 25.4 2.54 12
in series
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Sam pled Time Ripened
Study Date Sam ple ID (min.) (mm) (min. EBCT) (days)
Scour
Simulation ColumnA top 23 25.4 2.54 26
Parallel
Ripened
7/6/05 ColumnB top 23 25.4 2.54 14
In parallel
ColumnC top 23 25.4 2.54 14
In parallel
ColumnD top 23 25.4 2.54 14
In parallel
Temp
Challenge ColA cold  top 23 25.4 2.54 26
Parallel
Ripened
8/16/05 ColB co ld  top 23 25.4 2.54 14
In parallel
ColC cold  top 23 25.4 2.54 14
In parallel
ColA warm top 23 25.4 2.54 26
ColB warm top 23 25.4 2.54 14
In parallel
ColC warm top 23 25.4 2.54 14
In parallel
L/d vs. 
EBCT 6f 25 25.4 2.54 25
10/25/05
12f 25 25.4 2.54 25
6m 38 25.4 3.81 25
12m 38 25.4 3.81 25
6s* 38 25.4 7.62 25
6 s 76 25.4 7.62 25
12s 76 25.4 7.62 25
6fscraped 23 25.4 2.54 2 hours
after scraping
12fscraped 23 25.4 2.54 2 hours
after scraping
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Date Sam ple ID
(ug a s  
C/gdw)
(ug a s  
BSA  
/gdw)
(ug C 0 2 a s  C 
/gdw/day)
(nmol




Screening S chm utzdecke 1 22.8 990 11.2 0.5
Ripened 3.0 84 1.7
5/31/05 Schm utzdecke 2 22.9 1767 23.0 1.9
4.3 146 1.8
Schm utzdecke 3 26.4 1715 18.2 1.9
0.9 81 1.7
Schm utzdecke 4 38.0 2065 32.9 1.5
1.1 112 2.1
Schm utzdecke 5 34.8 1662 21.7 2.2
3.6 369 2.0
Schm utzdecke 6 51.9 2174 19.3 1.3
4.1 116 1.9
S chm utzdecke 7 46.2 2335 27.8 1.9
7.4 21 6.8
Schm utzdecke 8 68.1 2419 36.0 2.0
13.7 60 3.3
Screening Top 1 3.7 256 10.1 0.5
Scraped 0.9 44 1.5
6/1/05 Top 2 10.8 693 14.5 0.9
1.8 28 1.4
Top 3 7.1 294 8.6 1.1
1.2 93 0.7
Top 4 13.0 662 17.8 0.4
2.3 33 1.7
Top 5 5.0 230 9.0 0.7
1.2 4 1.1
Top 6 36.4 1181 26.3 0.4
5.2 125 4.5
Top 7 4.7 254 7.3 0.6
0.4 16 2.3
Top 8 22.9 1137 21.4 1.7
0.8 157 2.3
Scour
Simulation ColumnA top 58.7 1901.1 22 36.3 1.3
Series
Ripened 21.1 63.4 3 2.0
6/22/05 ColumnB top 5.8 169.3 4 13.5 0.8
1.0 0.3 0 6.7
ColumnC top 4.2 113.0 3 9.4 0.2
0.5 1.1 1 1.3
ColumnD top 4.5 123.7 1 10.8 0.3
0.8 21.1 1 4.4
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Carbo­
hydrate Protein Respiration
P h osph o­
lipid E. coli
Study
Date Sam ple ID
(ug a s  
C/gdw)
(ug as  
BSA 
/gdw)
(ug C 0 2 a s  
C /gdw/day)
(nmol





Simulation ColumnA top 58.5 1813.4 23 42.3 1.6
Parallel
Ripened 6.0 40.5 2 4.0
7/6/05 ColumnB top 35.2 1647.6 19 28.9 1.6
2.7 357.8 2 0.0
ColumnC top 52.8 1787.4 21 30.6 1.4
3.6 91.4 3 0.1
ColumnD top 48.7 1954.5 25 38.5 1.6
5.6 210.2 3 0.0
Temp
Challenge ColA cold  top 106.2 2247.4 44 44.7 1.7
Parallel
Ripened 12.4 144.3 4 1.5
8/16/05 ColB co ld  top 60.1 1590.4 34 22.9 1.7
2.4 81.9 4 3.7
ColC cold  top 41.5 1609.2 24 18.7 1.6
2.5 101.5 3 0.9
ColA warm top 114.6 2056.0 30 45.8 2.5
6.5 96.9 3 1.3
ColB warm top 76.5 1035.1 25 18.4 2.3
26.1 62.8 3 1.3
ColC warm top 41.2 1266.1 20 16.5 2.2
5.7 53.9 3 1.4
L/d v s .  
EBCT 6f 55.6 1852.8 85.6 2.1
10/25/05 3.8 325.8 34.4
12f 75.4 2115.7 74.8 2.1
5.4 153.2 7.7
6m 42.9 1546.9 50.8 2.1
5.7 52.3 2.6
12m 56.4 2033.3 67.1 1.9
5.5 46.6 3.0
6s* 48.0 1374.5 56.3 2.5
8.3 312.6 4.4
6 s 28.4 724.8 62.0 1.9
5.7 119.5 33.3
12s 46.3 1150.0 54.4 1.4
1.3 44.2 7.6
6fscraped 11.2 322.3 40.0 1.9
1.6 9.8 5.2
12fscraped 21.2 914.6 48.1 1.7
2.2 575.7 1.5
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APPENDIX D -  STATISTICAL ANALYSES AND JMP SOFTWARE MODEL 
OUTPUTS
The JMP statistical software (SAS Institute, 2003) was used for some statistical 
analyses. The JMP outputs from Fit Model are provided for the reader’s interest. The 
most important results are explained in the text.
D .l. Screening Study
For the screening study, a model was created for the ripened filters (D.1.1.) and 
the scraped filters (D .l.2.). The design was generated using the four-way interaction ft = 
ABCD as the generating relation. The resulting aliasing of two-way interactions with 
each other was:
• Size*HLR = Biomass*EBCT
• Size*Biomass = HLR*EBCT
• Size*EBCT = HLR*Biomass
No main effects were aliased with two-way interactions or other main effects. The 
overall results for ripened and scraped filters were compared with a two-sample t-test 
(D .l.3.). Finally, JMPs Prediction Profiler (D .l.4.) was used to determine optimum 
levels for each of the four operational and design parameters tested in the screening 
study.
D.1.1. JMP Output for Ripened Filters
At first, the model included all four main effects and two-way interactions, as 
well as a block term. The block term allowed the model to negate differences caused by 
having two challenge dates (e.g. water temperature, slightly different influent E. coli 
concentrations, etc.).
First, the block term was determined to be insignificant, and it was removed from 
the model. Next, interactions and factors were removed from the model starting with the 
least significant.1 The final model contained only the main effect terms for two factors: 
EBCT and Size. The JMP output for the final model is presented along with the JMP 
prediction formula for “Log Removal” given an input of sand grain size and EBCT.
1 P-values were used to identify and eliminate insignificant interactions and factors. Interactions and 
factors were eliminated incrementally, starting with those with the highest p-values. The p-value is a 
measure o f  the how likely the F-ratio would be as large as it was i f  the variation due to that factor or 
interaction were merely random. In other words, a small p-value indicates that the factor or interaction did 
indeed cause the variability in the data and is therefore significant. Any interaction or factor effect for 
which the p-value was greater than 0.1 (90% confidence) was eliminated from the model.
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D.L 1.1. Final Model 






5 1.0 1.5 2.0 2.5
Log Removal Predicted P=0.0001 
RSq=0.75 RMSE=0.28
Summary o f Fit
R Square  0.752355
R SquareA dj 0.714256
Root Mean S quare  Error 0.280039
M ean of R esp o n se  1.628567
O bservations (or Sum  W gts) 16
A nalysis o f Variance
S ource DF Sum  of S q u ares M ean Square F Ratio
Model 2 3.0972443 1.54862 19.7473
Error 13 1.0194863 0.07842 Prob > F
C. Total 15 4.1167306 0.0001
Parameter E stim ates
Term Estim ate Std Error t Ratio Prob>|t|
Intercept 1.6285673 0.07001 23.26 <.0001
Size[Large] -0.303502 0.07001 -4.34 0.0008
EBCT(15,60) 0.3185349 0.07001 4.55 0.0005
Effect T ests
Source Nparm  DF Sum  of S q uares F Ratio
Size 1 1 1.4738130 18.7934
EBCT(15,60) 1 1 1.6234313 20.7012
D .l. 1.2. Prediction Formula 
Log Removal =
1.628567346
 ^"Large" =>-0.303501753375 
"Small" =>0.303501753375 
else = > .
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D.1.2. JM P Output for Scraped Filters
A similar analysis was performed on the data for the scraped columns. For these 
data, the blocking term was determined to be significant, so it was kept in the model. For 
scraped columns, size and EBCT were again significant, but unlike the case with ripened 
filters, hydraulic loading rate (HLR) was also significant. The JMP output for the final 
model and the prediction formula are provided.
D. 1.2.1. Final Model





Log Removal Predicted P=0.0004 
RSq=0.83 RMSE=0.2489
Summary o f Fit
RSquare 0.827165
RSquare Adj 0.764316
Root Mean Square Error 0.248947
Mean of Response 0.930108
Observations (or Sum Wgts) 16
A nalysis o f  Variance
Source DF Sum of Squares Mean Square F Ratio
Model 4 3.2626305 0.815658 13.1611
Error 11 0.6817220 0.061975 Prob > F
C. Total 15 3.9443526 0.0004
Parameter E stim ates
Term Estimate Std Error t Ratio Prob>|t|
Intercept 0.9301084 0.062237 14.94 <.0001
Size[large] -0.128557 0.062237 -2.07 0.0633
HLR(0.2,0.6) 0.1403715 0.062237 2.26 0.0455
EBCT(7.5,52.5) 0.3956632 0.062237 6.36 <.0001
Block[1] -0.105518 0.062237 -1.70 0.1181
Effect T ests
Source Nparm DF Sum of Squares F Ratio Prob > F
Size 1 1 0.2644294 4.2667 0.0633
HLR(0.2,0.6) 1 1 0.3152663 5.0870 0.0455
EBCT(7.5,52.5) 1 1 2.5047893 40.4163 <.0001
Block 1 1 0.1781455 2.8745 0.1181
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D .l.3. JMP Output for Ripened/Scraped Comparison
The JMP output for the two-sample t-test for matched pairs comparing E. coli log 
removal in ripened filters to that in scraped filters is provided here. The p-value of 
<0.0001 indicates that log removals were very significantly greater for ripened filters 
than scraped filters.
Difference: Log Rem oval Scraped-Log Removal Ripened
Row Number
Log Removal Scraped 0.93011 t-Ratio -7.08509
Log Removal Ripened 1.62857 DF 15
Mean Difference -0.6985 Prob > |t| <.0001
Std Error 0.09858 Prob > t 1.0000
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D.1.4. JMP Optimization Plots
The JMP Prediction Profiler allows the user to optimize a result by using a 
“desirability” parameter. The desirability parameter ranges from 0 -  1, with 1 being most 
desirable. The plots below show JMP’s output with log removal being optimized by 










Optimization for ripened filters. Small sand (sieved to <1.16 mm) and a long EBCT 
(60 minutes) were most desirable.
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Optimization for scraped filters. Small sand (sieved to <1.16 mm), a long EBCT (60 
minutes), and a short HLR (0.2 m/h) were most desirable.
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D.2. Protist Drain
The JMP fit model platform was used to determine whether draining a slow sand 
filter reduced the number of protists in the schmutzdecke. Replicates (subsamples) were 
taken from each filter, so the factor of interest -  Drained vs. Undrained -  was entered into 
JMP’s “Fit Model” platform as being nested within the category Filter. A fit-least- 
squares model was run both with and without the potential outlier of 10.1 x 10s from 
Filter 4.
When the potential outlier was included, the p-value for the model was 0.4822. 
When this point from Filter 4 was excluded, the p-value was 0.7061. The p-value reflects 
a statistical likelihood that variations in data observed in an experiment are caused by 
changing the experimental factor of interest as opposed to being the result of 
experimental error. A p-value must be less than 0.05 in order for a modeled response to 
be significant at the 95 percent confidence level, so even if the potential outlier from 
Filter 4 is included in the analysis, draining filters does not appear to impact the number 
of protists in the schmutzdecke.
D.2.1. JMP Fit Model with Outlier
R esp o n se  Protists per Gram Dry W eight 110A5 
Summary o f F it.
RSquare 0.253037
RSquare Adj -0.04575
Root Mean Square Error 3.382283
Mean of Response 2.573538
Observations (or Sum Wgts) 8
A nalysis o f  Variance
Source DF Sum of Squares Mean Square F Ratio
Model 2 19.376496 9.6882 0.8469
Error 5 57.199186 11.4398 Prob > F
C. Total 7 76.575682 0.4822
Lack Of Fit
Source DF . Sum of Squares Mean Square F Ratio
Lack Of Fit 1 0.405093 0.4051 0.0285
Pure Error 4 56.794092 14.1985 Prob > F
Total Error 5 57.199186 0.8741
Max RSq 
0.2583
Parameter E stim ates
Term Estimate Std Error t Ratio Prob>|t|
Intercept 1.0929479 3.119037 0.35 0.7403
Drained?[drained]:(Filter-2.625) -0.114822 2.692017 -0.04 0.9676
Drained?[undrained]:(Filter-2.625) 2.5173371 2.792688 0.90 0.4087
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Expected Mean Squares






plus 1.0 times Residual Error Variance 
Variance C om ponent E stim ates




These estim ates based on equating Mean Squares to Expected Value.
T est Denom inator S yn th esis
Source MS Den DF Den Denom MS Synthesis
Filter[Drained?]&Random 11.4398 5 Residual
T ests  wrt Random  Effects
Source SS MS Num DF Num F Ratio
Filter[Drained?]&Random 19.3765 9.68825 2 0.8469
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Prob > F 
0.4822
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D.2.2. JMP Fit Model w/o Outlier
R esp o n se  P rotists per Gram Dry W eight / 10A5 
Summary o f Fit
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 
Observations (or Sum Wgts)










































































plus 1.0 times Residual Error Variance 
Variance C om ponent E stim ates




These estim ates based on equating Mean Squares to Expected Value.
T est Denom inator S y n th esis
Source MS Den
Filter[Drained?]&Random 0.23153












DF Den Denom MS Synthesis 
4 Residual
MS Num DF Num F Ratio
0.08799 2 0.3801
Prob > F 
0.7061
Prob > F 
0.7061
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APPENDIX E -  CALCULATING CONFIDENCE INTERVALS FOR LOG 
REMOVALS WITH MPN DATA
The following is a discussion of how uncertainties were developed for E. coli log 
removal data, when influent and effluent assays were conducted with the IDEXX Quanti- 
Tray MPN method.
Note: LR refers to log removal, which is calculated as,
£tf = Iog(C0)-lo g (C t ) = l o g A ) ,
^ e
where C0 is the influent concentration and Ce is the effluent concentration.
C0 and Ce have uncertainties known from the MPN method and produced by the IDEXX- 
MPN software (IDEXX 2006).




Let qj = log(Co) and q2 = log(Ce), then LR = q i~  q2.
Sqx = dqx
dC„
sc0 = dcr(logC.) <*:»=■
1
C„ln(10)





SLR =Sqx+Sq2 = 0.434 1 1 SCn H SC
c  c
V ^ o  e
Use of the MPN method results in uneven upper and lower bounds for confidence 
intervals. The goal was to develop a 95% confidence interval of uncertainty, but in order 
to be conservative, the upper bound, which was the large of the two, was used for SC0
and SCe.
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